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“If one knows only what one is told, one does not know enough to be able to arrive at a
well-balanced decision.”
Usually attributed to Leo´ Szila´rd
“Solutions nearly always come from the direction you least expect, which means there’s
no point trying to look in that direction because it won’t be coming from there.”
Douglas Adams
Abstract
The deep-inelastic collisions of a 1446 MeV 208Pb beam and a 208Pb thick target enabled
the population of nuclei in the vicinity of 208
82
Pb . The resulting reaction products emitted
γ-rays which were detected by the Compton-suppressed HPGe Gammasphere detector
array. Of the nuclei populated, 207
81
Tl is discussed in this thesis. A single proton-hole
nucleus, 207Tl is of interest due to its proximity to 208Pb, and the yrast states populated
by the breaking of the neutron core. Additionally, the effect of coupling to the 3− state
in 208Pb is of interest.
The nucleus 207Tl possesses a 11/2− isomeric state, where T1/2 = 1.33 s, and its low-level
structure is dominated by the single proton-hole states pis−11/2, pid
−1
3/2, and pih
−1
11/2. The
11/2− isomeric state is populated from a 17/2+ state, which is the result of coupling to
the 3− state in 208Pb. This results in the existence of a ∼ 2.3 - 2.5 MeV transition, which
is E3 in nature, and is characteristic of 208Pb and its adjacent nuclei. It is above this
state that core breaking must occur. Cross-coincidences in the 209Bi reaction partner
were used to positively assign transitions to the 207Tl nucleus.
Previous work by Rejmund et al. found and placed two yrast states above the 17/2+
states. This work has been able to confirm and expand on the previous result, by
assigning multipolarities to previously seen transitions, and extending the level scheme
to a spin of ∼ 45/2.
A level scheme for 207Tl has been built using coincidences and intensity balances, up
to an energy of ∼ 11 MeV. Spins and parities of the majority of the levels observed
have been assigned, utilising angular correlations and angular distributions of γ-rays.
Experimental angular correlations of transitions were compared with the theoretical
values for different multipolarities, allowing assignments to be made.
Two different shell model calculations were compared with the experimentally obtained
data. Both used the t=1 truncation, but used different model spaces, interactions,
and potentials. The KHM3Y calculations by Brown compared most favourably with
experiment, but did not take into account the single-particle three-particle interaction.
Conversely, the KHH7B calculations by Grawe did take this interaction into account,
but this resulted in a ∼ 600 keV overestimation in states with a collective component.
Declaration of Authorship
I, Emma Wilson, declare that this thesis titled, ‘Gamma Spectroscopy of 207Tl126 Pop-
ulated in Deep-Inelastic Collisions’ and the work presented in it are my own. I confirm
that:
 This work was done wholly or mainly while in candidature for a research degree
at this University.
 Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated.
 Where I have consulted the published work of others, this is always clearly at-
tributed.
 Where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work.
 I have acknowledged all main sources of help.
 Where the thesis is based on work done by myself jointly with others, I have made
clear exactly what was done by others and what I have contributed myself.
c©Emma Wilson 2015
iii
Acknowledgements
The route to this PhD has been fairly circuitous, and there are many people who I’d
like to thank for their help along the way.
Firstly, I’d like to thank my supervisor, Zsolt Podolya´k, who has been incredibly helpful
and patient over the last three and a half years, as well as demonstrating surprising
ice skating skills. Thanks are also due to my co-supervisor, Phil Walker, who has also
been a great help with simple explanations of complicated things. I would also like
to acknowledge the other academics in the group, Paddy Regan, Wilton Catford, and
Gavin Lotay. Additionally, I would like to thank those in the PhD student office, and
the post-docs.
Secondly, I’d like to thank my parents and my grandmother for their continued support.
Thanks also to the teachers and lecturers who have helped me along the way.
Finally, I’d like to thank the friends I’ve met, during the PhD and before, in physics and
not. Life would have been at lot less interesting without you all.
iv
Contents
Abstract ii
Declaration of Authorship iii
Acknowledgements iv
List of Figures viii
List of Tables xii
1 Introduction 1
1.1 Physics Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.1 Improving Theoretical Models . . . . . . . . . . . . . . . . . . . . . 4
1.1.2 The r-process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.3 Specific Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Theoretical Considerations 7
2.1 The Shell Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1 Simple Harmonic Oscillator . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Woods-Saxon Potential and Spin-Orbit Coupling . . . . . . . . . . 9
2.1.3 Energy Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.3.1 Nuclei near Z=82, N=126 . . . . . . . . . . . . . . . . . . 12
2.2 The Collective Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Modes of Electromagnetic Decay . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 Multipolarity, Parity, and Selection Rules . . . . . . . . . . . . . . 14
2.3.2 Internal Electron Conversion . . . . . . . . . . . . . . . . . . . . . 16
2.3.3 Isomeric States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.4 Transition Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.5 Reduced Transition Probabilities . . . . . . . . . . . . . . . . . . . 20
2.3.6 Weisskopf Estimates . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4 Two-state Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3 Experimental techniques and methods 24
3.1 Experimental Methods: Beam Production and Acceleration . . . . . . . . 24
3.1.1 Requirements of the experiment . . . . . . . . . . . . . . . . . . . 24
3.1.2 Composition of the target . . . . . . . . . . . . . . . . . . . . . . . 25
v
Contents vi
3.1.3 Beam production and acceleration using ATLAS . . . . . . . . . . 25
3.1.4 Heavy Ion Collision . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.4.1 Deep Inelastic Collision . . . . . . . . . . . . . . . . . . . 28
3.2 Experimental Methods: Gammasphere . . . . . . . . . . . . . . . . . . . . 30
3.2.1 Gammasphere HPGe and BGO detectors . . . . . . . . . . . . . . 30
3.2.2 Detection of γ-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.3 Semiconductor-based detectors . . . . . . . . . . . . . . . . . . . . 31
3.2.4 Scintillator-based detectors . . . . . . . . . . . . . . . . . . . . . . 32
3.2.5 Gammasphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.5.1 Efficiency calibration of Gammasphere . . . . . . . . . . 32
3.2.6 Compton suppression by anti-coincidence . . . . . . . . . . . . . . 35
3.2.7 Electronics of the Gammasphere array . . . . . . . . . . . . . . . . 35
3.3 Gamma-Ray Angular Correlations and Distributions . . . . . . . . . . . . 36
3.3.1 Angular Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3.1.1 Calculation of the Fk Coefficients . . . . . . . . . . . . . 40
3.3.2 Angular Distributions . . . . . . . . . . . . . . . . . . . . . . . . . 40
4 Data Analysis Procedure 43
4.1 Sort Code GSSort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Use of ROOT and Radware to Produce Spectra . . . . . . . . . . . . . . . 44
4.3 Prompt and Delayed Spectra . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4 Resolution of Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.5 Production of Angular Correlation Matrices . . . . . . . . . . . . . . . . . 47
4.6 Production of Angular Distribution Matrices . . . . . . . . . . . . . . . . 49
5 207Tl: Previous Work 51
5.1 Single-particle states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Particle-vibration coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6 207Tl: Experimental Results 55
6.1 Level Scheme of 207Tl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.1.1 Total γ-ray Intensities . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.1.1.1 Conversion Coefficients by Intensity Balance . . . . . . . 62
6.1.2 Angular Correlations of 208Pb . . . . . . . . . . . . . . . . . . . . . 69
6.1.3 Angular Correlations and Distributions of 207Tl . . . . . . . . . . . 71
7 Interpretation and Discussion 91
7.1 Comparison with Shell Model Calculations . . . . . . . . . . . . . . . . . . 91
8 Conclusions 112
8.1 Nuclear Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
8.2 Systematics of Nuclei Adjacent to 208Pb . . . . . . . . . . . . . . . . . . . 113
8.3 Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
A List of Publications 116
A.1 First author publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
A.2 Other publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Contents vii
B Published Papers 120
C Poster and Oral Presentations 130
D Target Composition 132
E Data Sorting Codes 134
E.1 PPP Sort Codes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
E.2 Angular Correlation Sort Codes . . . . . . . . . . . . . . . . . . . . . . . . 137
E.3 Angular Distribution Sort Codes . . . . . . . . . . . . . . . . . . . . . . . 142
F Efficiency Correction Code 153
Bibliography 156
List of Figures
1.1 The chart of nuclei. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Showing the section of the chart of nuclei to the “south-east” of 208Pb. . . 4
1.3 Showing quadrupole and octupole vibrations along the symmetry axis. . . 6
2.1 Ordering of single particle states according to the nuclear shell model . . 8
2.2 Showing the energies of the first 2+ states in even-even nuclei near 208Pb 12
2.3 Showing the internal conversion coefficient values for different energies
and multipolarities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4 Showing the nuclear quantum numbers associated with a deformed nucleus 19
2.5 Effect of mixing two basis states to form mixed states. . . . . . . . . . . . 22
3.1 A colour floor plan of the Argonne facility. . . . . . . . . . . . . . . . . . . 26
3.2 A schematic of an ECR source. . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Processes in heavy ion collision . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 A representation of what occurs during deep-inelastic collision . . . . . . . 29
3.5 A photograph of Gammasphere, where the two half-segments are separated. 30
3.6 Schematic of the position of Gammasphere detectors. . . . . . . . . . . . . 34
3.7 Showing the effect of Compton suppression by anti-coincidence . . . . . . 35
3.8 Angular distribution for dipole and quadrupole radiation. . . . . . . . . . 37
3.9 A γ-ray cascade for angular correlation measurements. . . . . . . . . . . . 39
3.10 Schematic of parameters involved in angular correlations . . . . . . . . . . 39
4.1 A ROOT spectrum showing the useful data within a time window, with
beam pulses every 82.5 ns . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 A ROOT spectrum showing the useful data within a time window, with
the time between beam pulses being 412 ns . . . . . . . . . . . . . . . . . 45
4.3 Projection of spectrum in ROOT . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 A 152Eu spectrum from a single detector . . . . . . . . . . . . . . . . . . . 47
4.5 An efficiency curve produced in EFFIT . . . . . . . . . . . . . . . . . . . 48
5.1 Single-particle states in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 The high-energy sections of the spectra seen in the work by Rejmund et al. 53
5.3 Transitions seen and placed by Rejmund et al. above the isomeric 11/2−
state in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.1 The full projection of the γγγ prompt spectrum, expanded between 2300
keV and 2750 keV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 Spectra obtained using known gates on 209Bi and 207Tl. Examples of
cross-coincidences are clearly visible. . . . . . . . . . . . . . . . . . . . . . 57
viii
List of Figures ix
6.3 Spectrum obtained using known gates on 207Pb and 209Pb. Examples of
cross-coincidences are clearly visible. . . . . . . . . . . . . . . . . . . . . . 58
6.4 Spectrum obtained using known gates on 206Pb and 210Pb. Examples of
cross-coincidences are clearly visible. . . . . . . . . . . . . . . . . . . . . . 59
6.5 A spectrum with a gate on the 207Tl transition, 2465 keV. . . . . . . . . . 60
6.6 A spectrum with gates on the 207Tl transitions, 2465 keV and 265 keV. . 61
6.7 Spectra with different gates showing the 1745 keV and 2194 keV transitions. 63
6.8 The full projection of the γγγ prompt spectrum, expanded between 500
keV and 700 keV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.9 A 207Tl level scheme, based on the results observed here. . . . . . . . . . . 65
6.10 An example of transitions in parallel in a level scheme . . . . . . . . . . . 66
6.11 An diagram of a transition feeding to a further two transitions . . . . . . 69
6.12 The low-energy levels of 208Pb, and their associated multipolarities. . . . . 69
6.13 Angular correlations between the 2614 keV E3 transition and the 1413
keV γ-ray and the 583 keV γ-ray. . . . . . . . . . . . . . . . . . . . . . . . 70
6.14 Angular distribution of 2465 keV from full projection. . . . . . . . . . . . 71
6.15 Angular distributions of known multipolarity transitions from 208Pb. . . . 72
6.16 The angular correlation spectra at all available angles, gated on the 2465
keV transition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.17 The angular distribution spectra at all available angles, gated on the 2465
keV transition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.18 The angular distribution spectrum at 32◦, gated on the 2465 keV transition. 75
6.19 Comparison between the angular correlation experimental data and the
calculated values of W(θ) for the 1109 keV transition in 207Tl. . . . . . . . 77
6.20 Experimental values of W(θ), the angular distribution function, for the
1109 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.21 Comparison between the angualr correlation experimental data and the
calculated values of the angular correlation function W(θ) for the 265 keV
transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.22 Comparison between the experimental data and the calculated values of
W(θ), the angular correlation function, for the 265 keV transition in 207Tl,
using the mixing ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.23 Experimental values, from the angular distribution data, of W(θ) for the
265 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.24 Experimental values of W(θ), the angular distribution function, for the
125 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.25 Comparison between the experimental data and the calculated values of
the angular correlation function W(θ) for the 196 keV transition in 207Tl. 81
6.26 Experimental values of W(θ), the angular distribution function, for the
196 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.27 Comparison between the experimental data and the calculated values of
the angular correlation function W(θ) for the 213 keV transition in 207Tl. 82
6.28 Experimental values of W(θ), the angular distribution function, for the
213 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.29 Comparison between the experimental data and the calculated values of
the angular correlation function W(θ) for the 302 keV transition in 207Tl. 83
6.30 Experimental values of W(θ), the angular distribution function, for the
302 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 83
List of Figures x
6.31 Comparison between the experimental data and the calculated values of
the angular correlation function W(θ) for the 342 keV transition in 207Tl. 84
6.32 Experimental values of W(θ), the angular distribution function, for the
342 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.33 Comparison between the experimental data and the calculated values of
W(θ), the angular correlation function, for the 351 keV transition in 207Tl. 85
6.34 Experimental values of W(θ), the angular distribution function, for the
351 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.35 Comparison between the experimental data and the calculated values of
the angular correlation function W(θ) for the 480 keV transition in 207Tl. 86
6.36 Experimental values of W(θ), the angular distribution function, for the
480 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.37 Experimental values of W(θ), the angular correlation function, for the
511 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.38 Experimental values of W(θ), the angualr distribution function, for the
511 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.39 A comparison between the angular correlation experimental data and the
calculated values of W(θ) for the 605 keV transition in 207Tl. . . . . . . . 88
6.40 Experimental values of W(θ), the angular distribution function, for the
605 keV transition in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.1 Experimental single-particle or -hole proton (pi) or neutron (ν) energies. . 92
7.2 What occurs when different truncations are used in shell model calcula-
tions of nuclei with collective components. . . . . . . . . . . . . . . . . . . 93
7.3 Comparison of shell model calculations and experimentally obtained levels
in 208Pb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.4 Comparison of shell model calculations and experimentally obtained levels
in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
7.5 Comparison of shell model calculations and experimentally obtained levels
in 207Pb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.6 Comparison of shell model calculations and experimentally obtained levels
in 209Pb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.7 Comparison of shell model calculations and experimentally obtained levels
in 209Bi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
7.8 Difference between theory and experimentally confirmed level energies,
from the calculations performed by H. Grawe. . . . . . . . . . . . . . . . . 99
7.9 Difference between theory and experimentally confirmed level energies,
from the calculations performed by B. A. Brown. . . . . . . . . . . . . . . 100
7.10 Number of states in the single nucleon/hole nuclei around 208Pb which
are possible for each spin and parity. . . . . . . . . . . . . . . . . . . . . . 106
7.11 Comparison of shell model calculations with t=0 and t=1 truncations and
experimentally obtained levels in 207Tl. . . . . . . . . . . . . . . . . . . . 107
7.12 Comparison of shell model calculations with t=0 and t=1 truncations and
experimentally obtained levels in 207Pb. . . . . . . . . . . . . . . . . . . . 108
7.13 Comparison of shell model calculations with t=0 and t=1 truncations and
experimentally obtained levels in 209Bi. . . . . . . . . . . . . . . . . . . . 109
7.14 Comparison of shell model calculations with t=0 and t=1 truncations and
experimentally obtained levels in 209Pb. . . . . . . . . . . . . . . . . . . . 110
List of Figures xi
7.15 Comparison of shell model calculations and experimentally obtained levels
in 207Tl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.1 Comparison between the one-nucleon (hole) nuclei in the vicinity of 208Pb 114
D.1 The spectroscopic analysis of the target. . . . . . . . . . . . . . . . . . . . 133
List of Tables
2.1 Spectroscopic notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Single-particle transition half-lives . . . . . . . . . . . . . . . . . . . . . . 21
3.1 Describing the beam conditions and absorbers used during the experiment 28
3.2 Advantages and disadvantages of the deep-inelastic collision method . . . 29
3.3 A summary of the angles at which the Gammasphere detectors are placed. 33
3.4 A summary of the Fk coefficients calculated for the purpose of finding the
angular correlation coefficients . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 The angles and number of detectors at each angle for the angular corre-
lation measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 The angles and number of detectors at each angle for the angular distri-
bution measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.1 A summary of the peaks observed in 207Tl . . . . . . . . . . . . . . . . . . 66
6.2 Conversion coefficients from intensity balances . . . . . . . . . . . . . . . 68
6.3 Multipolarities of transitions in 207Tl found using the angular correlation
method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.4 Experimental a2 and a4 coefficients for the angular correlation equation . 89
6.5 Showing the transitions seen in 207Tl in these data. . . . . . . . . . . . . . 90
7.1 Reduced M1 and E2 transition strengths . . . . . . . . . . . . . . . . . . . 101
7.2 Shell model calculated configurations of states, and associated percent-
ages, based on the calculations of Grawe. . . . . . . . . . . . . . . . . . . 103
7.3 Shell model calculated configurations of states, and associated percent-
ages, based on the calculations of Brown. . . . . . . . . . . . . . . . . . . 105
xii
Chapter 1
Introduction
It was in 1896 that radioactivity was discovered by Becquerel [1], preceded by Ro¨ntgen’s
discovery of x-rays, which was first read out before the Wu¨rzburg Physical and Medical
Society in 1895. Following this, new discoveries in this area come quickly. It was
in 1898 that M. and P. Curie isolated radium and polonium [2, 3]. By studying the
radiation emitted from radium, Villard discovered γ-rays [4, 5]. This was followed by
the postulation of the nuclear model of the atom by Rutherford [6], superseding the plum
pudding atomic model, which had previously held favour. It was Rutherford, along with
Soddy, who discovered that atoms may decay into other elements, observing the natural
uranium and thorium decay chains [7].
Soddy proposed the existence of isotopes in 1912 [8], with this being confirmed by J.J.
Thomson in 1913 [9], who had also discovered the electron in 1897 [10]. Soddy also
postulated the existence of isomers in 1917 [11], and this was confirmed by Hahn in
1921 [12, 13]. The structure of the nucleus, however, remained much of a mystery, with
the neutron not being discovered until 1932, by Chadwick [14]. The proton had been
found 13 years earlier by Rutherford [15].
With the emergence of quantum mechanics nearly in parallel with nuclear physics, the
Rutherford atomic model was soon supplanted by the Bohr model, which incorporated
quantum mechanical ideas in to the atomic model [16], giving the electrons in atoms a
wave nature and probability distribution, rather than the “planetary” orbits described
by Rutherford. Now what was required was a model of the nucleus itself. As an approxi-
mation, heavy nuclei may be described classically, using von Weizsa¨cker’s semi-empirical
mass formula, which delineates the binding energy of the nucleus, arising from volume,
surface, Coulomb, asymmetry and pairing terms [17]. Goeppert Mayer, and others, in-
corporated quantum mechanical effects on to this, finding that analogous to electron
shells, the nucleons also have a shell structure [18–20]. It was also found that at certain
1
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numbers of protons or neutrons, magic numbers occur, which impart increased binding
energy to that particular nucleus [21]. The shell model, although useful in describing
spherically shaped nuclei (i.e. those which are close to, or at, stability), has limitations
when describing deformed nuclei, and may be effected by collective properties of certain
nuclei. More detail about the shell model may be found in Chapter 2.
In terms of experimental advances, the linear accelerator was invented independently
by Ising in 1924 [22] and Szila´rd in 1928. The first linear accelerator used electrostatic
acceleration, and was developed by Walton and Cockcroft. Charged particles were ac-
celerated using a constant potential difference, and the Cockcroft-Walton accelerator
was the first used to perform nuclear disintegration artificially [23]. Van de Graaff ac-
celerators superseded the Cockcroft-Walton accelerators, as the alternative design could
achieve higher accelerating voltages. This design uses a moving belt of insulating ma-
terial, running between two pulleys. The material transfers positive static charge to a
conducting surface. Particles are accelerated by the potential difference between the
high voltage supply and the ground. 25 MV is the highest accelerating potential which
has been attained using a Van de Graaff accelerator [24]. This can be doubled by us-
ing a tandem accelerator, from which negative ions may be accelerated to an electrode,
which then have two or more of their electrons stripped. These are then positive ions,
which will accelerate away from the electrode, so the particles will gain energy twice
[25]. More information about the accelerator system used in this experiment may be
found in Chapter 3.
In this thesis, the data produced in the deep-inelastic collision of a 208Pb beam and a
208Pb target is analysed. Deep-inelastic reactions favourably populate yrast states, and
it is via the γ-decay of the reaction products that new transitions may be seen. More
information about the mechanism of particle collision, and the experimental set-up, may
be seen in Chapter 3.
1.1 Physics Case
The regions around doubly-magic nuclei on the chart of nuclides have long been con-
sidered interesting cases [26, 27]. This is due to the enhanced stability afforded to the
doubly-magic nuclei over singly-magic nuclei. 208Pb is the heaviest established doubly-
magic nucleus, and, to the “south-east” of it, there is only a limited amount known
about the level structure of these nuclei [28–30]. Figure 1.1 shows the chart of nuclides,
displaying which nuclei are known or predicted, as well as the locations of closed shells
at which magic numbers occur, and the method by which unstable nuclei decay. The
measurement and characterisation of neutron-rich nuclei is considered important, as it
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will allow for a better description of nuclei close to the neutron drip line. The Sur-
rey group has a long history of studying nuclei in the vicinity of 208Pb. This thesis
and its associated data will build upon previous experiments performed at Legnaro Na-
tional Laboratory in Italy, and at GSI Helmholtzzentrum fu¨r Schwerionenforschung in
Germany.
Figure 1.1: The chart of nuclei, showing the known stable nuclei and unstable nuclei,
as well as their methods of decay. The grey area indicates nuclei which have yet to be
observed, but are predicted to exist. Figure from [31].
The Legnaro experiment used the AGATA high-purity segmented germanium demon-
strator and the PRISMA magnetic spectrometer to identify γ-ray transitions in specific
ions. This experiment used a 136Xe beam undergoing deep-inelastic collisions with a
thin 208Pb target, leading to low statistics, but the PRISMA spectrometer allowed for
identification of nuclei [30]. Two GSI experiments used the RISING high-purity ger-
manium detector array, in conjunction with the Fragment Separator (FRS), to look for
isomeric states in the area “south-east” of 208Pb on the chart of nuclei. These used the
fragmentations of an E/A = 1 GeV 208Pb beam [28] and an E/A = 1 GeV 238U beam
[32]. The area of interest for this experiment is shown in figure 1.2. A deep-inelastic
collision experiment with a thick target in this region is complimentary to these exper-
iments; it results in higher statistics than the thin target experiment, allows prompt,
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possibly core-breaking, transitions to be seen, and may allow the observation of higher
spin states than either of these previous experiments.
Figure 1.2: Showing the section of the chart of nuclei to the “south-east” of 208Pb.
The magic numbers, N=126 and Z=82, are indicated. Figure from [33]. By observing
known γ-ray transitions in the data discussed here, extension of their level schemes is
possible. Many nuclei in this region have been populated in this experiment.
This thesis concentrates on the single proton-hole nucleus 207Tl. Other nuclei which
possess one proton less than their nearest doubly-magic nuclei offer an analogous situa-
tion. Of particular interest is 131In, which possesses a proton less than the doubly-magic
nucleus 132Sn. In reference [26], information regarding the N=82 shell gap is inferred by
looking at the residual interaction. Additionally, the coupling of a collective state in the
doubly-magic nucleus to a state in the single proton-hole nucleus is observed in both.
1.1.1 Improving Theoretical Models
The interplay of theory and experiment in nuclear physics is important for future experi-
mental endeavours. The development of accurate theoretical predictions of the structure
of nuclei helps to directs future experimental research. By expanding the level schemes
of nuclei, there is a wider empirical basis on which theoretical predictions can be based.
Close to stability, it is shell model calculations which benefit most from this, and shell
closures provide a good testing ground for the behaviour of individual nucleons. This is
due to the wave functions of these nuclei being dominated by contributions from only a
few nuclear orbits [29].
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There had been comparatively little work on yrast states in this neutron-rich area of
the chart of nuclides prior to this experiment. The improvement of theoretical models
should also cause future experimental endeavours to be better directed.
1.1.2 The r-process
There are at least two methods by which neutron-rich nuclei are produced in nature.
These are:
• A process in which small neutron densities lead to the slow capture of neutrons
(the s-process). Here, the neutron capture timescale is long in comparison to β-
decay half-lives, leading to abundance peaks in nuclei with small neutron capture
cross-sections; those with closed shells at magic neutron numbers [34].
• A process with high neutron densities and high temperatures lead to rapid neu-
tron capture (the r-process). Here, the β-decay half-lives are longer than the
photo-disintegration (γ,n) half-life. Abundance peaks are again at magic neutron
numbers, but away from stability, and it is possible that nuclei with short half-lives
are produced, such that formation of heavier elements becomes possible [34].
The astrophysical r-process is a vital stage in explosive nucleosynthesis, during which
nuclei gain neutrons rapidly, in a high neutron flux of 4× 1032 cm−3s−1 and at a tem-
perature of around 109 K [35]. These conditions are not currently reproducible experi-
mentally, but two astrophysical sites for such a process are postulated most frequently:
type II supernovae, or neutron star mergers, both of which are capable of producing
neutrons sufficiently quickly for r-process nuclei to be produced [34].
By expanding the region of known nuclei, and uncovering their properties towards the
r-process line on the chart of nuclides shown in figure 1.1, more information about this
important process can be found.
1.1.3 Specific Aims
The main aim of this work is to expand the level schemes in the N≥126 and Z≤82 region
of the chart of nuclides. The deep-inelastic collision of a 208Pb beam on a 208Pb target
preferentially populations yrast and near-yrast states in nuclei in the vicinity of 208Pb.
The nuclei in this region are relatively poorly known. Of particular interest is whether
or not there is a quenching of the N=126 shell gap as protons are removed from 208Pb
[36].
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In order to improve the understanding of shell structure, it is important to measure the
properties of nuclei in the vicinity of closed shells, such as those close to 208Pb. This
allows for direct tests of shell model wave functions. By observing states which break
the core, the size of the shell gap may be inferred, and the mechanism responsible for
shell evolution in this region may be identified [26].
Figure 1.3: Showing quadrupole and octupole vibrations along the symmetry axis
[21].The β- and γ- vibrations are a result of quadrupole deformation, either along or
perpendicular to the symmetry axis. Octupole vibrations are more complex, and are
described using spherical harmonics.
The low-level states in 207Tl are a result of the single-proton hole configurations s1/2,
d3/2, h11/2, and d5/2. It had been repeatedly observed that the low-lying octupole state
of 208Pb has a significant influence on the structure of surrounding nuclei with few
valence particles [37, 38]. In each of the single particle or hole nuclei in the vicinity
of 208Pb, that is 207Tl, 207Pb, 209Pb, and 209Bi, this effect is particularly pronounced.
This is due to the ∆l = ∆j = 3 conditions being fulfilled, wherein nuclei contain sets
of states which differ in both total spin and orbital angular momentum by three units,
and the particle-octupole vibration not being overshadowed by other effects, as is the
case in nuclei further away from 208Pb. An example in the case of 207Tl is from the
h11/2 and d5/2 states, although several other ∆l = ∆j = 3 combinations exist. This
octupole vibration in 208Pb is a result of the lowest energy excited state originating
from a collective surface vibration of the state. In 207Tl this is a product of the coupling
of the 11/2− state in 207Tl with the collective 3− state from 208Pb. A simplified diagram
showing nuclear shapes are shown in figure 1.3. The 2615 keV 3− state in 208Pb decays
via a strong E3 transition of B(E3; 3− → 0+) = 33.8(6)W.u., with an energy of 2465
keV [37, 39]. Therefore, states of higher energy in 207Tl can be populated via coupling
the single proton-hole orbitals with the 3− state in 208Pb, or by breaking the magic
core.
Chapter 2
Theoretical Considerations
2.1 The Shell Model
The nuclear shell model is used to describe the behaviour of nucleons within the nucleus,
such that magic numbers, spin, and parity of levels can be predicted. The complemen-
tary, but incompatible, collective model is used to describe the macroscopic movement
of the nucleon.
In the nuclear shell model, in a way which is analogous to the atomic electron shell model,
nucleons are arranged in a series of shells in a way which is energetically favourable,
imparting additional stability at certain magic numbers. This is where many of the
similarities between these two models end. In the atomic shell model, electron motion is
governed by a Coulomb potential originating from the nucleus. Conversely, the potential
in which nucleon motion occurs is generated by the nucleons themselves. In this model,
the nucleons undergo periodic motions in orbits [40] and interact in a simple mean
potential with a range of about 1 fm [41].
Magic numbers occur at certain proton and neutron numbers. These numbers occur
when the nucleon shells are filled to a sufficient level such that enhanced nuclear stability
is energetically favourable. Figure 2.1 shows the ordering of the states and where such
stability occurs: in the shell gaps at 2, 8, 20, 28, and so on. There is evidence that away
from stability, the values of the magic numbers change [42]. Further magic numbers
have been predicted at around Z=114 and N=184, in a possible island of stability for
super-heavy elements [43]. Also visible in figure 2.1 are a series of sub-shells, which
bring about a series of spatial orbital levels that are populated in accordance with the
exclusion principle. Modification of the potential is required in order to best predict
shell model states, based on experimental results.
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Figure 2.1: Ordering of single particle states according to the nuclear shell model.
Also shown are the levels resulting from an initial potential with a shape between that
of a square well and a harmonic oscillator, the modification of this using the Woods-
Saxon potential, and further modification of the potential resulting from the spin-orbit
interaction. These result in the splitting and reordering of the energy levels, and are
shown from left to right in order of success in describing the nucleus [44, 45].
2.1.1 Simple Harmonic Oscillator
To some degree of accuracy, a simple harmonic oscillator (S.H.O.) potential predicts the
lower magic numbers, as shown in figure 2.1. The harmonic oscillator potential is given
by:
V (r) =
1
2
kr2 =
1
2
mω2r2 (2.1)
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Here, k is the classical spring constant, and ω is the angular frequency. However, this
potential is not as useful for the prediction of magic numbers greater than 20, due to
the behaviour of this potential on a nucleon at a large distance from the nucleus. This
would lead to errors in the nuclear wavefunctions [21, 45].
2.1.2 Woods-Saxon Potential and Spin-Orbit Coupling
The infinite potential well is further modified using the Woods-Saxon potential and
the spin-orbit coupling. It is via the modification of the potential that further magic
numbers have been predicted, beyond what is currently known [45, 46].
The Woods-Saxon potential has the form:
V (r) =
−V0
1 + exp [(r −R) /a] (2.2)
Here, V0 is the depth of the well and is V0 ∼ 50 MeV. Additionally, a is the skin
thickness, which is equal to 0.524 fm, and the mean radius of the nucleus, R, is given
by:
R = 1.25A1/3 (2.3)
Here A is the atomic number, and the result for the mean radius is given in femtometres.
This gives the magic numbers 2, 8 and 20, but not any beyond this, due to the l -
degeneracies of higher shells being removed. At higher energies, there is a more severe
splitting of levels, which is not seen with the Woods-Saxon potential alone.
The spin-orbit potential adds terms to equation 2.2 to give the larger magic numbers
which have been seen experimentally. This potential splits the levels by an amount that
increases with orbital angular momentum quantum number. The spin-orbit interaction
is written as:
Vso(r)l· s (2.4)
The dot product factor causes reordering of the levels. The states are labelled with the
total angular momentum:
j = l + s (2.5)
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Here, the vector variables s and l are the intrinsic angular momentum and the orbital
angular momentum quantum number, respectively. A single nucleon has s = 12 , so the
total angular momentum must be:
j = l ± 1
2
(2.6)
The expectation value is the average value that is obtained when the same quantity is
measured a large number of times. For l· s this is:
j2 = (l + s)2 = l2 + 2l· s + s2 (2.7)
This leads to:
〈l· s〉 = 1
2
(
j2 − l2 − s2)
=
1
2
[j(j + 1)− l(l + 1)− s(s+ 1)] ~2
(2.8)
The l value is found from the spectroscopic notation, which can be seen in table 2.1.
l value 0 1 2 3 ...
Spectroscopic notation s p d f ...
Table 2.1: A table which shows some of the spectroscopic notations.
For instance, the 1f 5/2 and the 1f 7/2 levels have an l value of 3. The degeneracy of a
level is:
2(2l + 1) (2.9)
Alternatively, the entirety of the 1f level has a degeneracy of 14. Alternatively, the
degeneracy of a particular spin state within a level can be found using:
2j + 1 (2.10)
Hence the 1f 5/2 and the 1f 7/2 levels have degeneracies of 6 and 8 respectively, which
gives the required total of 14 found by equation 2.9. The 1f 5/2 and the 1f 7/2 levels are
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known as a spin-orbit pair or doublet, and they possess an energy separation that is
proportional to the expectation value for each state, as given in equation 2.8.
For any pair of states which both have angular momentum quantum numbers greater
than zero, the energy difference can be found using:
〈l· s〉j=l+1/2 − 〈l· s〉j=l−1/2 =
1
2
(2l + 1)~2 (2.11)
The splitting of the energy levels increases proportionally with angular momentum, l. If
Vso(r) is taken to be negative, such that the state with a larger j is pushed downwards,
then this gives the necessary configuration for the higher magic numbers. For instance,
the 1f 7/2 level is now in the gap between the second and third shells, leading to the magic
number 28. This continues for the 1g level, which leads to the next magic number, 50.
Similarly, this occurs at the top of each major shell, and the magic numbers now occur as
expected. This assumes that the extreme independent shell model is being used, wherein
all nucleons but one are paired. The nuclear properties arise from this single unpaired
nucleon.
2.1.3 Energy Levels
Nuclear energy levels are brought about by the internal structure of the nucleus, the
interactions between the nucleons, such as the spin-orbit interaction, and the angular
momentum, parity, and isospin associated with each state. These energy levels may be
predicted, to a good level of accuracy, by the shell model, in non-collective states of
nuclei which possess one particle or hole outside of a doubly magic core [45], as in the
nucleus of interest in this thesis.
The ground states of nuclei are brought about by nucleons filling shells up to the Fermi
level. The Fermi level is at the same level for both protons and neutrons in stable nuclei,
but due to the Coulomb repulsion between protons, fewer proton single-particle levels
are filled at nuclear masses of A & 40 [47]. This explains why the line of stability, and
the N = Z line on the chart of nuclides do not correspond for heavier nuclei. It is by
energetically exciting nuclei that nucleons move to higher energy states. Complicated
level schemes in nuclei close to stability often result from multiple nucleons being excited
to different energy states, as a product of these nucleons coupling. Further complications
occur due to collective excitations of the nucleus, which shall be discussed further in
section 2.2.
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2.1.3.1 Nuclei near Z=82, N=126
As mentioned previously, nuclei have increased stability at certain nucleon numbers,
which occur when shells are filled to a level beneath unusually large shell gaps. These
occur at closed shells, and are referred to as magic numbers. The magic numbers up
to 126 of a type of nucleon have been seen experimentally, and further ones have been
speculated by theory. Were a nucleus to have an amount of both protons and neutrons
which are magic numbers, such nuclei are said to be doubly magic. Examples of such
nuclei include 100,132Sn, 56,78Ni, and the nucleus of importance in this thesis, 208Pb,
which has 82 protons and 126 neutrons. Shown in figure 2.2 are the first 2+ states of
even-even nuclei in the vicinity of 208Pb. The relatively large value of the first 2+ state
of 208Pb, even when compared to the singly magic nuclei such as 210Po and 212Rn, is
pronounced.
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Figure 2.2: Showing the energies of the first 2+ states in even-even nuclei near 208Pb
[39, 48, 49].
In the case of doubly magic nuclei, either the neutron or the proton core must be broken
in order to see energy levels which are a result of this core breaking. This requires a
relatively large amount of energy, with the first excited state of 208Pb being at 2615 keV.
Additionally, this first excited state is, uniquely for an even-even nucleus, a 3− state, so
that the transition from this state to the ground state must be an E3 transition. This
is due to a collective surface vibration of the octupole character of the state.
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2.2 The Collective Model
Despite the successes of the shell model of the nucleus in predicting the structure of
many nuclei close to stability, collective effects in nuclei cannot be accounted for in this
model. For instance, even-even nuclei possess characteristic band structures which may
be attributed to vibrations and rotations of the nuclear surface [21].
The collective model is based on the liquid drop model, which itself is based on vibra-
tions of a drop of incompressible liquid, investigated by Rayleigh in 1879, long before
the postulation of the nuclear model of the atom [50]. This original description used
multipole variables to describe the radius of the drop based on spherical angles.
The movement of the nuclear surface is described using an expansion in spherical har-
monics which is time-dependent:
R(θ, φ, t) = R0
1 + ∞∑
(θ=0)
θ∑
(µ=−θ)
α∗θµ(t)Yθµ(θ, φ)
 (2.12)
Here R(θ, φ, t) is the nuclear radius at time t in the direction of θ and φ, with R0 being
the radius of a corresponding spherical nucleus, which occurs when the time component
αθµ vanishes [47].
In the 208Pb nucleus, the lowest energy state is a 3− state, which is depopulated via a
2615 keV transition, to the 0+ ground state, and is therefore E3 in nature. The 3− state
is a consequence of the doubly magic nature of the nucleus, which is a collective vibration
of octupole character.. This collective state in 208Pb couples to states in nuclei which are
adjacent to 208Pb on the chart of nuclides; 207Pb, 207Tl, 209Pb, and 209Bi. This results
in high-energy E3 transitions in these nuclei, which occur where a particle is excited out
of the nucleon core.
2.3 Modes of Electromagnetic Decay
Atoms and nuclei may emit one of two types of electromagnetic radiation, either x-rays
or γ-rays. X-rays occur when an electron de-excites from a higher level to a lower one,
which may occur, for instance, if an electron has been knocked out of the atom. Emission
of Auger electrons is a competing process, which occurs in the same circumstances. The
emission of γ-rays, conversely, is a purely nuclear process, which occurs when a nucleus
has been excited to a higher energy state. The nucleus then de-excites to the ground
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state, by whichever method is energetically favourable. This may include α- and β-
emission, as well as the emission of one, or a series of γ-rays.
There are three ways in which photons interact with matter, which may occur in detec-
tors and their surrounding materials. These are:
• Photoelectric effect
• Compton scattering
• Pair production
The photoelectric effect occurs when an electron is ejected following a photon interacting
with an atom. The electron is typically ejected from the K-shell of the nucleus, and has
an energy given by:
E = hν − φ (2.13)
Here, h is Planck’s constant, ν is the frequency of the incoming electromagnetic radiation,
and φ is the binding energy of the K-shell electron. The probability of the photoelectric
effect occurring is proportional to the atomic number of the target element, and inversely
proportional to the energy of the initial photon. This effect is useful, as the full energy
of the incoming photon is deposited. Therefore, the energy imparted to an electron
is proportional to the energy of the photon, or the number of electrons produced is
proportional to the energy of the photon.
Compton scattering involves the partial deposition of the energy of the photon, and a
consequent scattering of the photon at an angle θ. This can lead to a high background
overwhelming many of the full energy peaks in a spectrum. The reduction of this, via
Compton suppression, will be discussed in Chapter 4.
Pair production occurs when the energy of the photon is higher than twice the rest
mass of an electron, 1.022 MeV. The energy of the photon is converted into an electron-
positron pair. The positron soon annihilates, producing two 511 keV photons.
2.3.1 Multipolarity, Parity, and Selection Rules
The multipole order of electromagnetic radiation is given by 2L, where L=1 is a dipole,
L=2 is a quadrupole, and so on. This (L) describes the angular momentum, in units of
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~, carried off by each quantum. Additionally, E and M are use to identify electric and
magnetic respectively.
The parity of the radiation field is given by the following equations:
pi(ML) = (−1)L+1 (2.14)
pi(EL) = (−1)L (2.15)
Here, pi is the parity, meaning that electric and magnetic multipoles of the same order
connect to states with opposite parity [21, 51].
There are selection rules which apply to γ-ray decays between states, which depend on
the spin, parity and angular momentum of the initial and final states. For a transition
between an initial state Ipii , and a final state I
pi
f , and assuming that I
pi
i 6= Ipif , the
conservation of angular momentum requires that:
Ii = L + If (2.16)
In other words, this means that the total initial angular momentum should be equal to
the total final angular momentum. Since the vector variables in the equation must form
a closed vector triangle, the possible values of L are restricted. Therefore:
|Ii + If | ≥ L ≥ |Ii − If | (2.17)
Additionally, the nature of the radiation in terms of either being electric or magnetic,
is decided by the relative parities of the initial and final states. If there is no change in
parity (or, ∆pi = no), then the radiation field has even parity. Alternatively, if the parity
does change (∆pi = yes), then the radiation field has odd parity. Electric multipoles have
even parity when L is even, whereas magnetic multipoles have even parity if L is odd.
Therefore:
∆pi = no even electric, odd magnetic (2.18)
∆pi = yes odd electric, even magnetic (2.19)
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Transitions from 0+ to 0+ states are forbidden, due to the intrinsic spin of the photon
being 1~ [21].
The different multipolarities can be identified from their angular distribution, which
is governed by the Legendre polynomial P2L(cosθ). So, for the dipole, the angular
distribution is P2 =
1
2(3cos
2θ − 1), and for the quadrupole this is P4 = 18(35cos4θ −
30cos2θ + 3) [21].
2.3.2 Internal Electron Conversion
Internal conversion is an effect which competes with γ-ray emission. In such an effect,
instead of a γ-ray being emitted, sufficient energy is imparted to an electron, usually
from the K-shell, that it is ejected from the atom. The rate at which internal conversion
occurs is described by the internal conversion coefficient:
α =
Iα
Iγ
(2.20)
Here, Iα is the number of de-excitations due to conversion electrons, and Iγ is the
number of de-excitations due to γ-ray emission. The internal conversion coefficient has
a dependency on the multipolarity and energy of the γ-ray, as well as the atomic number
of the relevant nucleus. The graph in figure 2.3 shows how the internal conversion
coefficient varies for Z = 70.
The conversion coefficient can be related to the mixing ratio of a transition with mixed
multipolarities. Typically, a transition which has a mixed multipolarity is M1+E2 in
nature, and the mixing ratio, δ, which describes the relative ratios of the M1 component
and the E2 component of the transition, as shown here:
δ2 =
Iγ1(E2)
Iγ2(M1)
(2.21)
This is related to the conversion coefficient equation shown above in equation 2.20 in
the following manner:
α =
Iα(M1) + Iα(E2)
Iγ(M1) + Iγ(E2)
(2.22)
The Iα values are substituted with αρL and Iγ , as shown in equation 2.20. Additionally,
a similar approach is taken to substitute the intensities of the E2 transitions, such that:
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Figure 2.3: Showing the internal conversion coefficient values for different energies
and multipolarities [52].
Chapter 2. Theoretical Considerations 18
α =
αM1Iγ(M1) + αE2δ
2Iγ(M1)
Iγ(M1) + δ2Iγ(M1)
(2.23)
Rearranging this leads to the following equation [53]:
δ2 =
αM1 − α
α− αE2 (2.24)
Here, αM1,E2 are the theoretical conversion coefficients of M1 and E2 transitions, which
can be obtained from the BrIcc program to evaluate conversion coefficients [52], and α
is a experimental value of the conversion coefficient, obtained via the intensities found
using peak fitting, combined with the detector array efficiency.
2.3.3 Isomeric States
Isomers are states which possess a lifetime which is greater than the typical nearly
instantaneous emission, generally taken to mean ∼ 1 ns [54], of a γ-ray from an excited
energy level.
Although there is no strict definition of what the minimum lifetime of an isomer should
be, Walker and Dracoulis suggest a that states with a lifetime of more than 10−9 s should
be regarded as isomeric [54]. In similar experiments to the one described in this thesis,
states with a lifetime of up to 13 µs have been observed [55].
There are three types of isomeric state; shape isomers, spin traps, and K-traps. Shape
isomers occur when there is a secondary energy minimum at a large elongation of the
nucleus, with the first energy minimum corresponding to the ground state. The sec-
ond form of isomer, spin traps, are more common, with their existence depending on
difficulties in meeting the spin selection rules, which are described above. When this
occurs, the transition must go between states which have a relatively large difference in
spin, and therefore have a high multipolarity, which are transitions that are less likely
to occur. The third type of isomer, K-traps, are a type of spin trap. This depends
on the magnitude and orientation of the nuclear spin vector, K, which is defined as the
projection of the total angular momentum, Ωi, of the nucleus onto the nuclear symmetry
axis [54]. The K -quantum number is given by:
K =
∑
Ωi (2.25)
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The origin of the total angular momentum quantum number can be seen in figure 2.4.
Also shown are j, l and s, which have been defined previously. Additionally, Λ and Σ
are projections of l and s, respectively, onto the nuclear symmetry axis.
Figure 2.4: Showing the nuclear quantum numbers associated with a deformed nu-
cleus. Figure from [56].
2.3.4 Transition Rates
The rate of γ-ray transitions between two states depends on the wavefunctions of the
initial and final states, and may be calculated using Fermi’s Golden Rule [56, 57]:
λif =
2pi
~
|V ′if |2ρf (2.26)
Here, ρf is the density of final states, and |V ′if | is a matrix element which describes
the perturbation of the Hamiltonian between the initial and final states. The matrix
element has the following form:
V ′if = 〈Ψf (r)|Vˆ ′|Ψi(r)〉 (2.27)
Here |Ψi(r)〉 and |Ψf (r)〉 are the initial and final states, respectively, and Vˆ ′ is the
perturbation.
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2.3.5 Reduced Transition Probabilities
Reduced transition probabilities describe a comparison between the measured lifetime or
cross-section of a transition with a theoretical value. Generally, the transition probability
decreases as multipole order increases [58]. Reduced transition probabilities for either
transition type σ and multipolarity L are given by [59, 60]:
B(σL; Ji → Jf ) =
∑
M,Mf
|〈αf ; JfMf |O(σLM)|αi; JiMi〉|2 (2.28)
In this situation, this is going from an initial state |αi; JiMi〉, to a final state |αf ; JfMf 〉,
with the operator O(LM). For an equal population of initial sub-states, this reduces to:
B(σL; Ji → Jf ) = 1
2Ji + 1
|〈αf ; Jf ||O(αL)||αi; Ji〉|2 (2.29)
In the case that the initial and final states are not pure, then the initial and final states
can be expanded as:
|αi; Ji〉 =
∑
k
αk(Ji)|k; JiMi〉 and |αf ; Jf 〉 =
∑
l
αl(Jf )|l; JfMf 〉 (2.30)
thus, the equation can be generalised to:
B(σL; Ji → Jf ) = 1
2Ji + 1
∣∣∣∣∣∣
∑
k,l
αk(Ji)bl(Jf )〈l; Jf ||O(σL)||k; Ji〉
∣∣∣∣∣∣
2
(2.31)
This takes into account the possibility of enlarged transition rates in, for instance, a
collective transition.
The transition probability B(σL) can be related to the lifetime τ and decay width Γ of
a transition by the following equation:
Γ(σL; Ii → If ) = ~
τ
=
8pi(L+ 1)
L[(2L+ 1)!!]2
(
Eγ
~c
)2L+1
B(σL; Ii → If ) (2.32)
where Eγ is the energy of the transition in eV.
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Electric t1/2 Magnetic t1/2
E1 6.76×10
−6
E3γA
2/3 M1
2.20×10−5
E3γ
E2 9.52×10
6
E5γA
4/3 M2
3.10×10−7
E5γA
2/3
E3 2.04×10
19
E7γA
2 M3
6.66×1019
E7γA
4/3
Table 2.2: The single-particle transition half-lives, t1/2 in seconds, which have been
corrected for internal conversion [64]. The energy of the γ-rays, Eγ is in units of keV.
2.3.6 Weisskopf Estimates
Weisskopf estimates give theoretical decay rates, which are based on the assumption that
the transition is due to a single proton changing from one shell model state to another
[61]. It may be useful to compare these theoretical estimates to experimental data, as
the theoretical values depend on the multipolarity of transitions. It can then be seen if
the lifetimes are consistent. The reduced transition matrix elements of transitions are
given by:
B(EL) =
1.22L
4pi
(
3
L+ 3
)2
A
2L
3 e2fm2L (2.33)
for electric transitions, and
B(ML) =
10
pi
1.22L−2
(
3
L+ 3
)2
A2L−22
(
e~
2Mc
)2
fm2L−2 (2.34)
for magnetic transitions [62, 63]. Table 2.2 shows several simple equations for the single
particle half-lives for values of L = 1, 2 or 3 [64].
2.4 Two-state Mixing
The configuration of states in nuclei are often complex arrangements of many com-
ponents. In order to more accurately model such states, a diagonalisation of a large
Hamiltonian matrix may be necessary [45]. This may be simplified using two-state mix-
ing calculations, in which the two configurations have the wave functions φ1 and φ2.
The observed state may then be described by mixing the two basis states of the wave
function in this manner:
Ψ = αφ1 + βφ2 (2.35)
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Here, α and β are the amplitudes of the major and minor components of the wave
function. This can be generalised in the form of the Schro¨dinger equation:
HΨ = EΨ (2.36)
Figure 2.5 shows h1 and h2, the unperturbed basis states, that would occur were there
to be no interaction between the two configurations, and the associated wave functions
could be purely designated as φ1 and φ2.
basis states
Unperturbed
mixed states
Experimentally observed,
φ
φ E
Eh
h
1
2
ψ = −βφ + αφ
1 2
21
ψ = αφ + βφ
1
1
2 2
Figure 2.5: Effect of mixing two basis states to form mixed states.
An interaction between the two states, v, mixes the states:
(
h1 V12
V12 h2
)(
α
β
)
= E
(
α
β
)
(2.37)
The eigenvalues for the energies, E, are the experimentally observed, perturbed states,
and v12 is the mixing matrix element. This matrix element is related to the strength of
the interaction between the two configurations. The solutions for the observed values of
the energies may be found by rearranging equation 2.37, and diagonalising the matrix
which results:
E =
(
h1 + h2
2
)
±
√(
h1 − h2
2
)2
+ v212 (2.38)
With the constraints that α > β and α2 +β2 = 1, this equation may be used to find the
expressions for the coefficients of φ1 and φ2, as described previously.
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β =
1√
1 +
v212
(h1−h2)2
α =
√
1− β2
(2.39)
Chapter 3
Experimental techniques and
methods
3.1 Experimental Methods: Beam Production and Accel-
eration
In this experiment, a 1446 MeV 208Pb beam impinged on a 75 mg/cm2 208Pb thick target.
The beam and target were chosen to maximise the statistics of the nuclei populated
around 208Pb in a deep-inelastic collision. Reaction products are stopped within the
target, rendering Doppler correction unnecessary. The experiment ran for ∼ 129 hours,
with an average beam intensity of ∼ 0.25 particle-nA (pnA). The γ-rays produced were
detected by the Gammasphere array, consisting of ∼ 100 high-purity germanium (HPGe)
detectors, covering a solid angle of nearly 4pi sr. The HPGe detectors were Compton
suppressed via anti-coincidence using bismuth germanate (BGO) detectors.
3.1.1 Requirements of the experiment
In order for deep-inelastic collision to occur, a beam energy 10-30% above the Coulomb
barrier is required; energies at which multi-nucleon transfer occurs [65]. Neutron evapo-
ration may also occur. The fundamental frequency of the beam bunching system, which
will be described in greater detail in Section 3.1.3, may be used to investigate isomeric
states in the nuclei of interest.
The Gammasphere detector array covers nearly the full 4pi sr around the target chamber.
This is a necessary feature of the experiment because of the characteristically large
number of γ-rays emitted in deep-inelastic collision reactions. This maximises the counts,
24
Chapter 3. Experimental techniques and methods 25
and, in combination with the Compton suppression, minimises the background; a useful
feature for peak identification and fitting.
3.1.2 Composition of the target
Both the beam and the target in this experiment were composed mainly of 208Pb.
The target chamber is at the centre of the Gammasphere array, as shown in figure 3.5.
The target chamber and beam line are kept in vacuum conditions, at ∼ 10−7 Torr.
The target used in this study was isotopically enriched to contain 99.86% 208Pb, and
had a thickness of 75 mg/cm2. Precise details of the composition of the target from
the isotopic analysis can be found in Appendix D. A second target was prepared, of
similar composition, and a thickness of 76 mg/cm2. These targets were installed on a
target ladder within the target chamber, for ease of movement should the first target be
rendered unusable by the beam.
The thick target used in this experiment rendered Doppler correction of the resulting
γ-rays unnecessary, due to all reaction products stopping within the target. Were a thin
target used, the reaction products would exit the target chamber in ∼ 5 ns, and not
only would Doppler correction be necessary, it would also be not possible to detect the
isomeric states using the Gammasphere array [56].
3.1.3 Beam production and acceleration using ATLAS
The beams at Argonne National Laboratory are produced by one of two injector ion
accelerators; the 9MV electrostatic tandem Van de Graaff, or the 12 MV linac coupled
to an electron cyclotron resonance (ECR) source. The Van de Graaff accelerator is used
for stable beams with an atomic number of less than 40, or from long-lived radioactive
sources produced elsewhere and then installed at the ATLAS facility. The ECR source,
also known as the Positive Ion Injector (PII), provides stable beams of species of masses
from protons up to uranium [66]. A floor plan of the Argonne National Laboratory
facility is shown in figure 3.1, with the location of Gammasphere being shown in Target
area IV.
Since this experiment was conducted using a 208Pb beam, the PII was used. This uses an
ECR source to produce high charge state, stable ions. The source is a plasma, produced
via microwave radiation heating of the source gas, thereby ionising it. The frequency of
the electromagnetic radiation corresponds to the electron cyclotron resonance, defined
by an external magnetic field. Such a plasma needs to be well confined by a magnetic
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Figure 3.1: A colour floor plan of the Argonne facility, showing both of the ion
source positions, the tandem and injector linac, as well as the main ATLAS (Argonne
Tandem Linear Accelerator System) linac and the detectors, such as Gammasphere,
the ionisation chamber and the Fragment Mass Analyser [56].
Chapter 3. Experimental techniques and methods 27
field in order to create the highest possible electron density, ne, and confinement time τ ,
the product of which needs to be high in order to efficiently ionise the atoms. An ECR
ion source consists of a vacuum chamber, a set of solenoid coils for the axial confinement
of the plasma, a hexapole for the radial confinement, an injector stage to provide the
initial cold plasma, and an axial extractor system to form the ion beam [67]. A basic
schematic of such an ion source can be seen in Figure 3.2. This system provides beams
of heavy ions, which have a velocity of 0. 1c, and are subsequently accelerated by ATLAS
[68].
The ATLAS Linac has seven different superconducting resonator designs. There are 62
of these in total, designed such that particles of a particular velocity are accelerated and
remain in phase with the accelerating field. This creates an electromagnetic surfing wave
of different velocities [66]. By adjusting the RF phases of these resonators, a range of
velocities can be achieved, from < 0. 01c to 0. 15c. The resonators are of the split-ring
design, and are made of niobium. They have an operating temperature of 4.2 K, being
cooled by liquid helium, and a resonance frequency of 97 MHz [66].
Figure 3.2: A schematic of an ECR source. The material from which the beam is to
be composed is heated via ECR heating, using microwave injection, until the material
becomes an highly ionised gas. At this point, the ions may be extracted to form the
ion beam.
The beam used had an energy of 1446 MeV, 20% above the Coulomb barrier, wherein
deep-inelastic interactions occur preferentially, although neutron evaporation may also
occur. The beams produced using ATLAS have an intrinsic ’bunched’ character, due to
the fundamental frequency of the accelerator [69]. In the later stages of this experiment,
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Time Between Number of Time with
Absorbers Beam Pulses Runs Runs this set-up
Te (0.002”), Cu (0.01”) 82.5 ns 50 - 53 4 13 hours
Te, Cu 412 ns 54 - 57 4 57 hours
Te, Cd (0.04”), Cu 412 ns 58 - 59 2 59 hours
Table 3.1: Describing the beam conditions and absorbers used during the experiment.
four out of five pulses were “deflected”, allowing the investigation of isomeric states. A
sub-nanosecond pulse occurred once every 82.5 ns, meaning a beam off period of ∼ 412
ns had occurred. In this experiment, the peak beam current was 0.25 pnA. Table 3.1
summarises the beam and absorber conditions throughout the experiment. Absorbers
were placed in front of the detectors to reduce the lead x-ray yields.
3.1.4 Heavy Ion Collision
The reactions produced in heavy ion collisions depend on a number of factors, such as
the energy of the impinging particles and the impact parameter, which describes the
interactions between the nuclei of the beam and the target. Some of the reactions are
summarised in figure 3.3. The impact parameter describes the distance between the
centre of the nuclei of the target and of the beam. When the impact parameter is large,
the Coulomb barrier is not overcome, so related Coulomb effects, such as Rutherford
scattering and Coulomb excitation, would dominate [21].
Coulomb
Compound nucleus
Fusion,
Nuclear scattering, direct reactions
scattering
Figure 3.3: The processes involved in heavy ion collisions, which depend on the impact
parameter. If the inpinging ion has sufficient energy to overcome the Coulomb barrier,
reactions such as nuclear scattering and compound nuclei may occur [21].
3.1.4.1 Deep Inelastic Collision
Deep-inelastic collision (DIC) is the dominant process when the energy of the beam is
approximately 20% above the Coulomb barrier of the target nucleus, although neutron
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evaporation may also occur once the exchange of nucleons has occurred in the initial
reaction. In this process, nucleons are exchanged between the target and the beam nuclei.
In the case where the target and beam are composed of the same species of nuclei, as in
the case discussed in this thesis, the nuclei produced have exchanged nucleons, so have
the same number greater or fewer protons or neutrons. This is summarised in figure
3.4. For instance, in this experiment, if 207Tl, which has one less proton than 208Pb,
was produced, 209Bi, which has one more proton than 208Pb, would also be produced.
This leads to a useful property of this method; transitions originating from one of these
reaction partners, may be seen in the other partner, given the right conditions. This
is useful for identifying the reaction products in the case where one partner is more
well-known than the other.
Target
N neutronsN neutrons
  Beam
Before collision During collision
Target−like
Z +/− z protons
Beam−like
N −/+ n neutrons
Z −/+ z protons
N +/− n neutrons
After collision
Z protonsZ protons
target
projectile and
nucleons between
Exchange of
Figure 3.4: A representation of what occurs during deep-inelastic collision. Before the
collision, the target and the beam nuclei have equal numbers of protons and neutrons.
During collision, some of these nucleons are exchanged. After collision, the beam-like
nucleus has the same number of nucleons removed or added as the target-like nucleus
has added or removed.
There are a number of advantages and disadvantages of this method, which are sum-
marised in table 3.2. A significant problem with this data set are the difficulties as-
sociated with identification of nuclei associated with the γ-ray transitions seen. The
main advantage is the preferential population of neutron-rich nuclei using this reaction
method. This leads to transitions being seen from all reaction products, leading to com-
plicated full-projections of the spectra. A further complication may arise from neutron
evaporation, which may lead to the assignment of a transition to the wrong nucleus.
Advantages Disadvantages
γ-rays from all reaction products Complicated γ-ray spectra
Neutron-rich nuclei produced, Difficulties of identification
with many transitions seen without a starting point
Detection of cross-coincidences;
some opportunity for identification of nuclei
Table 3.2: Some advantages and disadvantages of the deep-inelastic collision method.
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3.2 Experimental Methods: Gammasphere
3.2.1 Gammasphere HPGe and BGO detectors
Gammasphere is composed of ∼ 100 high-purity germanium (HPGe) detectors, with
bismuth germanate (BGO) detectors being used for Compton suppression. A photograph
of one half of the Gammasphere array can be seen in figure 3.5.
Figure 3.5: A photograph of Gammasphere, taken by the author, where the two half-
segments are separated. Visible are the target chamber, the beam line, and a number
of HPGe and BGO detectors.
HPGe is a semi-conductor based detector, which produces a current when sufficient
energy is imparted to such a detector by a radiation event. HPGe requires cooling using
liquid nitrogen, due to the fact that otherwise thermal excitations would dominate,
compared to the events due to radiation detection. This is due to the small band
gap of HPGe at room temperature. HPGe is widely used in detector arrays such as
Gammasphere due to its excellent energy resolution [70]. A disadvantage of HPGe when
attempting to detect γ-rays is that it is also sensitive to fast neutrons. These, however,
have a characteristic shape and energies, so can be identified fairly easily [71].
BGO is a scintillation-based detector, which is used due to its high detection efficiency,
high density, and the relatively large atomic number of bismuth. These mean that BGO
has the largest probability of photoelectric absorption of γ-rays of any of the more readily
available scintillation materials. It is easy to handle, due to its chemical and mechanical
Chapter 3. Experimental techniques and methods 31
properties, however it produces a relatively low scintillation yield, being around 10-20%
of that of thallium-doped sodium iodide, a cheaper and more commonly used scintillation
detector material. This means that it is useful when the γ-ray counting efficiency is more
important than energy resolution, for instance as a Compton shield [70].
3.2.2 Detection of γ-rays
There are two well-established mechanisms via which γ-rays may be detected, using
scintillator- or semiconductor-based detectors [70].
Germanium is widely used as the detector material in semiconductor-based γ-ray de-
tectors. Historically, lithium was drifted through the germanium, known as a Ge(Li)
detector, which was then kept at low temperatures to preserve the lithium. Currently,
HPGe is used in detectors and as the main component in detectors in large-scale arrays,
such as Gammasphere, EURICA and AGATA [72], due to its high energy resolution.
Other semiconductor-based detectors include silicon and artificial diamond [70].
Historically, thallium-activated sodium iodide (NaI(Tl)) scintillator detectors were used,
however advances in technology has led to a number of other materials being used
in scintillator-based detectors. These may possess improved light yield or improved
time resolution, for instance. They also possess improved counting statistics compared
to semiconductor-based detectors, although the semiconductor-based detectors have a
energy resolution which is superior [70].
3.2.3 Semiconductor-based detectors
It is via the excitation of electrons across the band gap, due to the energy imparted by
γ-rays, that enables the detection of radiation by HPGe and other semiconductor-based
detectors. The cooling of HPGe increases the size of the band gap of the material,
thereby negating the effect of thermally excited valance electrons, which upon success-
fully reaching the conduction band, would otherwise cause a significant background in
spectra from such detectors. Liquid nitrogen is used to cool the crystal to ∼77 K, in
order to prevent the thermal excitation of these electrons across the band gap.
For this method of radiation detection, it is necessary that the detector material has
good charge carrier mobility, the ability to sustain a high electric field, and little or no
leakage current when the collection voltage is applied.
Chapter 3. Experimental techniques and methods 32
3.2.4 Scintillator-based detectors
It is via the de-excitation of excited scintillator atoms that scintillation photons are emit-
ted. The resulting light yield is proportional to the energy deposited [70]. Scintillator-
based detectors tend to have better counting statistics in comparison with the semiconductor-
based detectors. This means that they can be useful for Compton suppression by anti-
coincidence.
3.2.5 Gammasphere
Gammasphere contains a combination of HPGe and BGO detectors, covering a solid
angle of nearly 4pi sr around the target chamber. The energy resolution of the Gam-
masphere array is <2.4 keV at 1.33 MeV, with a photo-peak efficiency of ∼10% at the
same energy [73, 74]. A schematic representation of one of the detectors in the array
can be seen in the schematic in figure 3.6. The central co-axial n-type detectors are 71
mm in diameter and 84 mm in length [56]. When the two hemispheres of Gammasphere
are brought together around the target chamber, they are 25 cm from the central target
position. A summary of the positions of the detectors (θ, φ) can be seen in table 3.3.
Among the features of Gammasphere is its symmetry about the beam axis and forward-
backward symmetry [76]. Additionally, Gammasphere has ∼70 of its ∼110 detector
electrically segmented. This allows for better energy resolution in experiments in which
Doppler broadening of γ-ray peaks is an issue. However, since the reaction products are
stopped in the target, Doppler broadening does not occur in this experiment.
3.2.5.1 Efficiency calibration of Gammasphere
Four calibration sources were used to calibrate the germanium-based detectors in the
array. These sources were 56Co, 182Ta, 243Am, and 152Eu. Efficiency curves for all
individual detectors and the whole array were determined, using ROOT and the Radware
analysis programmes.
The EFFIT parameter file describes the efficiency curve of Gammasphere. The pa-
rameters in this file are used by the following pseudo-empirical equation to create the
efficiency curve [56]:
eff = exp([(A+Bx+ Cx2)−G + (D + Ey + Fy2)−G]−
1
G ) (3.1)
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Figure 3.6: Schematic of the position of Gammasphere detectors, and showing the
possible interactions between photons and the detector materials. Figure from [75].
Here, the letters A to G represent the eight parameters in the EFFIT file, with A, B
and C describing the efficiency at low energies, and D, E and F at high energies. G
describes the interaction between the low- and high-energy regions. Additionally, x and
y are given by:
x = log
(
Eγ
100MeV
)
(3.2)
and
y = log
(
Eγ
1000MeV
)
(3.3)
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where Eγ is the γ-ray energy.
3.2.6 Compton suppression by anti-coincidence
The BGO detectors work as a Compton shield, which uses anti-coincidence events be-
tween the HPGe and BGO detectors to reduce the Compton background in the spectra,
and the difference can be seen in figure 3.7. Such an event occurs when both types
of detectors, HPGe and BGO, detect a γ-ray within the same short time period, as
this means that the γ-ray has Compton scattered out of the germanium crystal without
depositing all of its energy.
Figure 3.7: Showing the effect of Compton suppression by anti-coincidence, leading
to a reduced Compton background, with the full energy peak being more prominent,
when compared to the non-Compton suppressed spectrum. Figure from [75].
3.2.7 Electronics of the Gammasphere array
The data acquisition (DAQ) of Gammasphere utilises amplifiers, discriminators,analogue-
to-digital converters (ADC) and time-to-analogue converters (TAC) housed in custom-
built VXI modules to create a digital signal containing the relevant information regarding
the energy and time signals. The DAQ may then sort through the data such that the
signals which meet certain pre-defined triggers are designated as valid events, and then
storing such data to disk [56].
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The trigger accepted an event if three coincident γ-rays were detected. In this instance,
this would mean three γ-rays detected within 2 µs of each other. The γ-rays produced
in this experiment can either be ’clean’ or Compton-suppressed. For a clean γ-ray
detection in the HPGe detectors, a 50 mV signal lasting 2 µs would be added to the
sumbus in the motherboard. Were a γ-ray detected in an adjacent BGO detector, the
signal would be shortened such that the trigger would not be satisfied, and Compton-
suppression occurs. For the main trigger to be satisfied, a signal of 150 mV must persist
in the sumbus for a minimum of 600 ns [56]. These data may then be sorted into
three-dimensional histograms (Eγ−Eγ−Eγ cubes) for analysis of the spectra produced.
Approximately 3.58× 109 prompt triple-γ events were recorded after unfolding.
3.3 Gamma-Ray Angular Correlations and Distributions
There are a number of methods which may be used to assign multipolarities to γ-rays.
Of specific interest here are the related but distinct methods of angular correlations and
angular distributions. Angular correlations involve the relative probabilities of γ-rays
being emitted at particular angles, whereas angular distributions observe the intensity
of photons at a certain angle relative to the incoming beam [51].
Generally speaking, radiation is emitted from a source isotropically, as nuclei are ran-
domly oriented. Fusion-evaporation reactions, deep-inelastic collisions [78] or low-temperature,
high magnetic field environments [51] encourage the necessary aligned nuclei which pro-
duce anisotropic γ-ray distributions. In the fusion-evaporation reaction, for example,
the nuclei produced are aligned with the angular momentum vector perpendicular to
the direction of the beam.
Taking a fusion-evaporation reaction to be a classical system, the angular momentum
of the compound nucleus would be given by:
L = r× p (3.4)
Here the angular momentum L is perpendicular to both r and p, which describe the
position of the beam projectile relative to the target and the direction of the projectile
momentum, respectively. In such a system, the population of magnetic sub-states may
be written as [63]:
P (m) =
1, m = 00, m 6= 0 (3.5)
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This is known as full alignment. The decays of compound nuclei and any other resulting
particles reduces the alignment and populates m 6= 0 sub-states.
The relative sub-state population is described by a Gaussian distribution centred about
m = 0 and with a width σ:
P (m) =
exp(−m
2
2σ2
)
I∑
m′=−I
exp(−m′2
2σ2
)
(3.6)
The angular distribution depends on the values of mi and mf , the initial and final
magnetic sub-states, respectively, so the observed angular distribution is given by:
W (θ) =
∑
mi
P (mi)Wmi→mf (θ) (3.7)
As an example, a system in which a dipole transition from Ii = 1 to If = 0 is useful. In
this instance, the initial state has three sub-levels, which are described bymi = +1, 0,−1,
and the final state has one sub-level, in which mf = 0. The emission probabilities for
the initial states vary. In the case where mi = ±1 decays to the sub-level mf = 0, the
angular distributions vary as 12(1+cos
2θ), whereas, for the other case, where mi = 0 and
mf = 0, the emission probability varies as sin
2θ. The angular distributions for dipole
and quadrupole radiation, which have the form of Legendre polynomials, are shown in
figure 3.8.
Figure 3.8: Angular distribution for dipole and quadrupole radiation. Figure from
[63].
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3.3.1 Angular Correlations
The multipolarity of γ-ray transitions has an effect on the angular correlations on these
transitions. Consequently, this may allow the assignment of spin values to levels. The
probability of a γ-ray being emitted in a particular direction depends on the initial and
final magnetic sub-states that the transition decays to and from. This method can be
used even with an isotropic distribution.
The angular correlation of two γ-rays is described by the following equation:
W (θ) = 1 +A22P2(cosθ) +A44P4(cosθ) (3.8)
where θ is the angle between the two detected γ-rays, which can be defined as:
θ = cos−1(u2.u2) (3.9)
such that u1,2 are the unit vectors in the direction of the two γ-ray detectors of interest.
The enclosed angle θ was calculated in the data by evaluating the enclosed angle between
the two relevant γ-ray detectors, in three dimensions. P2 and P4 are the standard
Legendre polynomials, given by the following equations:
P2 =
1
2
(3cos2θ − 1) (3.10)
and
P4 =
1
8
(35cos4θ − 30cos2θ + 3) (3.11)
The angular correlation coefficients are given by the following equation [51]:
Akk = Bk(γ1)Ak(γ2) (3.12)
where
Bk(γ1) =
Fk(L1L1I0I1)− 2δ(γ1)Fk(L1L′1I0I1) + δ(γ1)2Fk(L′1L′1I0I1)
1 + δ2(γ1)
(3.13)
and
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Ak(γ2) =
Fk(L2L2I2I1) + 2δ(γ2)Fk(L2L
′
2I2I1) + δ(γ2)
2Fk(L
′
2L
′
2I2I1)
1 + δ2(γ2)
(3.14)
Here δ is the multipole mixing ratio, L1 and L2 are the lowest multipole orders of the
first and second transitions. Additionally, L′1 = L1 + 1 and L′2 = L2 + 1, and I0,1 are
the spins of the relevant levels, as defined in figure 3.9. Some values of Fk are tabulated
in references [79, 80]. The Akk values depend on the distribution of the m-population,
and the spin and parity values of the intitial and final states [78, 81].
Figures 3.9 and 3.10 show two schematics of the parameters involved in angular corre-
lations, in terms of the directions of the γ-rays.
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Figure 3.9: A γ-ray cascade for angular correlation measurements, based on a figure
in Reference [82].
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Figure 3.10: Schematic of parameters involved in angular correlations.
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3.3.1.1 Calculation of the Fk Coefficients
In the data analysed in this thesis, high-spin states are populated. A tabulation of the
Fk coefficients which has been extended to sufficiently high spin could not be found. It
was therefore necessary to calculate the Fk coefficients for these transitions. This may
be done using this formula:
Fk(LL
′j1j) = (−1)j1−j−1[(2L+ 1)(2L′ + 1)(2j + 1)] 12CLL′k1−10W (jjLL′; kj) (3.15)
Here, L and L’ are the multipole orders, C is the Clebsch-Gordan coefficient, and W
is the Wigner 6-j symbol coefficient [83]. The Clebsch-Gordan coefficient and part of
the 6-j symbol coefficient were found using the calculators described in reference [84].
The Clebsch-Gordan coefficient is written as Cj1 j2 jm1 m2 m1+2 . The 6-j symbol coefficient is
found with the following equation, and the value found from the calculator:
W (jjLL′; kj) = (−1)j+j+L′+L
{
j j k
L′ L j
}
(3.16)
This then allows the comparison between the values of W(θ) for different spins and
multipole orders, and the experimentally measured values, found using a modified sort
code which takes into account the efficiencies of the individual detectors [85].
A summary of the Fk coefficients calculated for this work can be found in table 3.4.
3.3.2 Angular Distributions
Angular distributions are another method of obtaining the multipolarities of these γ-
rays. The relative intensities of the γ-rays at different angles around the beam axis, the
polar angle in this case, are dependent on the multipolarity of the emitted radiation.
Another commonality of the angular distribution method with the angular correlation
method is that the intensities are dependent on polynomials, as described in equation
3.8.
Table 3.3 shows the angles of sets of detectors used for angular distributions, although
not all detectors listed were used. Detectors at the angles 79.19◦ and 80.71◦ were grouped
together, as were detectors at 99.29◦ and 100.81◦.
This method uses a software gate on a transition within a γ − γ coincidence matrix, at
different detector angles with respect to the beam axis [63]. The two relevant γ-rays are
Chapter 3. Experimental techniques and methods 41
N
u
cl
eu
s
γ
1
(k
eV
)
γ
2
(k
eV
)
L
1
L
2
I 0
I 1
I 2
B
2
A
2
B
4
A
4
2
0
8
P
b
58
3
26
15
1
3
4
−
3−
0
+
0.
14
43
-0
.8
66
0
0
0.
21
32
2
0
8
P
b
5
83
26
15
2
3
5
−
3
−
0
+
-0
.2
06
2
-0
.8
66
0
-0
.0
20
3
0.
21
32
2
0
8
P
b
58
3
26
15
3
3
6
−
3
−
0
+
-0
.3
60
8
-0
.8
66
0
0.
00
97
0.
21
32
2
0
8
P
b
1
41
3
26
15
1
3
6
−
5
−
0
+
-0
.2
61
9
-0
.8
66
0
0.
01
96
0.
21
32
2
0
8
P
b
1
41
3
26
15
2
3
7
−
5
−
0
+
-0
.2
42
6
-0
.8
66
0
-0
.0
37
4
0.
21
32
2
0
8
P
b
1
41
3
26
15
3
3
8
+
5
−
0
+
-0
.4
24
6
-0
.8
66
0
0.
01
78
0.
21
32
2
0
7
T
l
1
96
24
65
1
3
29
/
2+
27
/
2+
11
/
2−
0.
20
09
-0
.6
60
7
0
0.
07
97
2
0
7
T
l
19
6
24
65
2
3
31
/
2+
27
/
2+
11
/
2−
-0
.2
86
9
-0
.6
60
7
-0
.0
66
53
-0
.0
79
7
2
0
7
T
l
1
96
24
65
3
3
33
/
2+
27
/
2+
11
/
2−
-0
.5
02
2
-0
.6
60
7
0.
03
17
5
-0
.0
79
7
2
0
7
T
l
2
13
24
65
1
3
23
/
2+
23
/
2+
11
/
2−
-0
.1
04
9
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
2
13
24
65
1
3
23
/
2+
21
/
2+
11
/
2−
0.
19
73
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
2
13
24
65
2
3
25
/
2+
21
/
2+
11
/
2−
-0
.2
81
8
-0
.6
60
7
-0
.0
62
63
-0
.0
79
7
2
0
7
T
l
2
13
24
65
3
3
27
/
2+
21
/
2+
11
/
2−
-0
.4
93
2
-0
.6
60
7
0.
02
98
9
-0
.0
79
7
2
0
7
T
l
2
65
24
65
1
3
23
/
2+
21
/
2+
11
/
2−
0.
25
34
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
2
65
24
65
2
3
25
/
2+
21
/
2+
11
/
2−
-0
.3
58
6
-0
.6
60
7
-0
.1
40
2
-0
.0
79
7
2
0
7
T
l
2
65
24
65
3
3
27
/
2+
21
/
2+
11
/
2−
-0
.6
22
3
-0
.6
60
7
0.
06
51
-0
.0
79
7
2
0
7
T
l
3
02
24
65
1
3
27
/
2+
25
/
2+
11
/
2−
0.
19
92
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
3
02
24
65
2
3
29
/
2+
25
/
2+
11
/
2−
-0
.2
84
6
-0
.6
60
7
-0
.0
64
71
-0
.0
79
7
2
0
7
T
l
3
02
24
65
3
3
31
/
2+
25
/
2+
11
/
2−
-0
.4
98
0
-0
.6
60
7
0.
03
08
8
-0
.0
79
7
2
0
7
T
l
3
42
24
65
1
3
25
/
2+
23
/
2+
11
/
2−
0.
19
73
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
3
42
24
65
2
3
27
/
2+
23
/
2+
11
/
2−
-0
.2
81
8
-0
.6
60
7
-0
.0
62
63
-0
.0
79
7
2
0
7
T
l
3
42
24
65
3
3
29
/
2+
23
/
2+
11
/
2−
-0
.4
93
2
-0
.6
60
7
0.
02
98
9
-0
.0
79
7
2
0
7
T
l
3
51
24
65
1
3
25
/
2+
23
/
2+
11
/
2−
0.
20
23
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
3
51
24
65
2
3
27
/
2+
23
/
2+
11
/
2−
-0
.2
89
0
-0
.6
60
7
-0
.0
68
16
-0
.0
79
7
2
0
7
T
l
3
51
24
65
3
3
29
/
2+
23
/
2+
11
/
2−
-0
.5
05
8
-0
.6
60
7
0.
03
25
3
-0
.0
79
7
2
0
7
T
l
4
80
/6
05
24
65
1
3
19
/
2+
17
/
2+
11
/
2−
0.
18
92
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
4
80
/6
05
24
65
2
3
21
/
2+
17
/
2+
11
/
2−
-0
.2
70
3
-0
.6
60
7
-0
.0
54
32
-0
.0
79
7
2
0
7
T
l
4
80
/6
05
24
65
3
3
23
/
2+
17
/
2+
11
/
2−
-0
.4
72
95
-0
.6
60
7
0.
02
59
3
-0
.0
79
7
2
0
7
T
l
51
1
24
65
1
3
25
/
2−
23
/
2+
11
/
2−
0.
20
23
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
5
11
24
65
2
3
27
/
2−
23
/
2+
11
/
2−
-0
.2
89
0
-0
.6
60
7
-0
.0
68
16
-0
.0
79
7
2
0
7
T
l
5
11
24
65
3
3
29
/
2−
23
/
2+
11
/
2−
-0
.5
05
8
-0
.6
60
7
0.
03
25
3
-0
.0
79
7
2
0
7
T
l
1
10
9
24
65
1
3
35
/
2+
33
/
2+
11
/
2−
0.
20
47
-0
.6
60
7
0
-0
.0
79
7
2
0
7
T
l
1
10
9
24
65
2
3
37
/
2+
33
/
2+
11
/
2−
-0
.2
92
4
-0
.6
60
7
-0
.0
70
9
-0
.0
79
7
2
0
7
T
l
1
10
9
24
65
3
3
39
/
2+
33
/
2+
11
/
2−
-0
.2
19
3
-0
.6
60
7
0.
01
45
-0
.0
79
7
T
a
b
l
e
3
.4
:
A
su
m
m
ar
y
of
th
e
F
k
co
effi
ci
en
ts
ca
lc
u
la
te
d
fo
r
th
e
p
u
rp
o
se
o
f
fi
n
d
in
g
th
e
a
n
g
u
la
r
co
rr
el
a
ti
o
n
co
effi
ci
en
ts
Chapter 3. Experimental techniques and methods 42
emitted with respect to the beam axis, and the probability (and therefore, intensity) of
the specific configuration is given by the angular correlation function:
W (θ1, θ2,∆φ) (3.17)
The angular correlation function is symmetric in the following manner [21]:
W (θ1, θ2,∆φ) = W (180
◦ − θ1, 180◦ − θ2,∆φ) (3.18)
W (θ1, θ2,∆φ) = W (θ1, 180
◦ − θ2,∆φ+ 180◦)
= W (θ1 − 180◦, θ2,∆φ+ 180◦)
(3.19)
W (θ1, θ2,∆φ) = W (θ1, 180
◦ − θ2, 180◦ −∆φ)
= W (180◦ − θ1, θ2, 180◦ −∆φ)
(3.20)
This means that the spectra which are obtained from angles 17.27◦ and 162.73◦, and so
on, may be summed in order to increase the counts, and thereby improve the statistics,
of these spectra. Additionally, the low statistics which are inherent to this method
necessitate further grouping of similar angles, to have sufficient counts to fit the peaks
of interest.
For a dipole (∆L = 1) transition, the angular distribution function W (θ), is given by:
W (θ) = A0(1 +A2P2(cosθ)) (3.21)
Here, as with the angular correlations, the standard Legendre polynomial is used. A0
may be described as the “true”intensity.
The angular distribution of a quadrupole (∆L = 2) transition is described using:
W (θ) = A0(1 +A2P2(cosθ) +A4P4(cosθ)) (3.22)
Once again, the Legendre polynomials shown in equations 3.10 and 3.11 are used [78].
Chapter 4
Data Analysis Procedure
4.1 Sort Code GSSort
GSSort is a C++ code designed to sort the data produced in experiments which utilise
the Gammasphere detector array, into a format which is readable using ROOT [86]. This
can then be used to produce *.cub (cube) and *.spn (matrix) files which can be read and
analysed using the Radware package [87]. Energy gates may then be applied to the data,
and peak fitting can be used. Additionally, efficiency curves may be produced using the
Radware package, and modifications to the sort code can lead to angular correlation and
angular distribution spectra.
There are a number of files which do different things in the code. The User*.h file set the
conditions for the sort, including time gating the spectra such that as much of the useful
data as possible has been included in the sorted data. An example of this useful area
can be seen in figures 4.1 and 4.2, which are energy-time spectra produced in ROOT.
The useful area is defined in UserDeclare.h, using the TLOP and THIP, which describe
the low and high values of the time window, as shown in the code in appendix E, and
can be changed depending on the timing conditions.
In the period during which the time between pulses was 82.5 ns, as described previously
in table 3.1, the values for the TLOP and THIP are defined in UserDeclare.h as 3950 and
4050, respectively. In the alternative timing conditions, where a beam pulse impinges on
the target every 412 ns, the values for TLOP and THIP are changed to 4500 and 4610,
respectively. This defines the time limits for the prompt data. Figure 4.1 shows the first
of these time conditions, being from run 51, during which the time between beam pulses
was 82.5 ns. The second of these time conditions is shown in figure 4.2, from run 58,
where four out of five beam pulses are deflected such that the time between pulses is 412
43
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Figure 4.1: A ROOT spectrum showing the useful data within a time window, from
run 51. The red area around 4000 on the y-axis, and then continuing along the horizon-
tal green line, is the useful data. Gating on this area is done using the UserDeclare.h
file, which is called during the sorting of the code.
ns. The occurrence of the beam pulses can be seen in these energy-time spectra, as the
horizontal lines that are shown, and the γ-rays are being timed against this characteristic
pulsing of the beam. Shortly after the beam pulse arrives, a large number of prompt
γ-rays are emitted, and these are detected, having satisfied the trigger.
4.2 Use of ROOT and Radware to Produce Spectra
A ROOT program was used to convert portions of the information contained within
*.root files into either *.cub or *.spn files, depending on whether the information had
been sorted into two-dimensional or three-dimensional histograms. As well as the full
spectrum, these *.root files contain spectra for individual detectors, information about
the data and event rates, and timing information. The full γγγ prompt spectrum in
ROOT can be seen in figure 4.3. The most obvious features are the low-energy x-rays,
which can be seen at energies of less than 100 keV. Also prominent are the 511 keV
positron annihilation line, and the ∼ 600 keV neutron recoil from the germanium in the
detectors. Smaller peaks are visible between 2000 keV and 3000 keV, many of which
may represent the characteristic E3 transitions which exist in 208Pb and adjacent nuclei.
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Figure 4.2: A ROOT spectrum showing the useful data within a time window, from
run 58. The area around 4500 on the y-axis, and then continuing along the horizontal
green line, is the useful data. Gating on this area is done using the UserDeclare.h file,
which is called during the sorting of the code.
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Figure 4.3: Projection of a γγγ prompt spectrum produced in ROOT.
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Once *.spn or *.cub files have been produced, the Radware package can be used to set
gates and write spectra, which may then be analysed. An energy gate may be applied to
a matrix to show the γ-rays which are in coincidence with the energy of the gate. The
cubes and matrices were analysed using gf3, part of the Radware package. Radware can
also be used to produce background-subtracted spectra and efficiency curves.
4.3 Prompt and Delayed Spectra
The data observed in this experiment may be sorted into prompt (P) and delayed (D)
spectra of different sorts. The PPP data is produced by a prompt γγγ trigger. The
delayed data may be used in conjunction with prompt γ-rays, in PPD or PDD spectra.
Additionally, data may also be sorted into a DDD spectrum. Prompt γ-rays are defined
as those which are observed during the initial burst of emitted radiation which results
from the beam pulse, whereas delayed γ-rays are detected subsequently, during the the
interval between beam pulses [88].
Isomeric states may be observed using these data, although none were observed using
these data in 207Tl. Previously, using the same beam conditions, a ∼ 13 µs isomeric
state has been observed in 67Ni by Zhu et al. [55]. The ability to discern isomeric states
would depend on the population of the state, the intensity of the associated γ-ray, and
the timing conditions, as well as the lifetime of the isomeric state. Therefore, although it
is possible to observe isomeric states of similar lifetimes, the previously mentioned factors
would have to be favourable for such a state to be seen, so observations of isomeric states
with a far smaller lifetime are more probable.
As no isomeric states were observed in 207Tl, these, and the delayed data relating to
207Tl, will not be mentioned subsequently in this thesis. Only the prompt data was used
in the analysis of 207Tl.
4.4 Resolution of Detectors
Finding the resolution of the whole array, and the individual detectors is important for
the accurate production and analysis of the spectra produced. For this purpose, the
calibration sources 152Eu, 243Am, and a combined 182Ta and 56Co source were used.
Spectra for each of these sources were produced for each of the ∼ 100 detectors which
were in operation as part of Gammasphere at the time of the experiment, as well as for
the whole array. The peaks of these calibration sources have known intensities, and an
efficiency curve was produced.
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Figure 4.4: A 152Eu calibration spectrum from a single detector, showing the energies
and intensity information.
An example of a calibration spectrum can be seen in figure 4.4, which shows a 152Eu
spectrum and can be written as a *.spe file, and the peaks fitted using gf3.
Using the known intensities of the various peaks in these spectra, which have been
well-defined in the past, and the fitted peaks, the Radware program EFFIT fits an
efficiency calibration curve. An example of one such curve can be seen in figure 4.5. The
program fits the curve to the produce the coefficients of the known efficiency equation,
as mentioned in the pseudo-empirical equation 3.1 [56, 87]. Radware allows the use of
the relative intensities of the sources in order to achieve the best fit. This was necessary
in this case as the individual source activities were not sufficiently well known.
4.5 Production of Angular Correlation Matrices
The production of angular correlation matrices is essential for finding the angular cor-
relation coefficients mentioned in Chapter 3. As the detector angles must now be taken
into account, adjustments to the sort code must be made [85], and the changes are shown
in appendix E GSSort must then be recompiled, before the sorting of the data can com-
mence. The sort then leads to several *.root files, which, as before, are named according
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Figure 4.5: An efficiency curve produced in EFFIT using the 182Ta, 56Co, 152Eu, and
243Am calibration sources. The A-G coefficients are produced via an iterative approach
by the program.
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Counts in
Pointer Angles Covered (◦) 2465 keV-Gated Spectrum
1 19.9-21.1 7469
2 32.5-36.5 7458
3 40.0-42.0 6318
4 48.8-49.1 1311
5 52.1-55.0 11978
6 59.5-60.5 4044
7 61.8-62.1 1528
8 66.8-67.1 2673
9 68.9-72.2 5989
10 72.5-74.5 8759
11 79.9-80.5 4189
12 86.2-86.9 6080
13 89.8-90.0 3460
Table 4.1: The angles and number of detectors at each angle for the angular corre-
lation measurements. With ∼ 100 detectors in the array, there are ∼ 5000 possible
detector pairs [85].
to the run number. Thirteen two-dimensional histograms are produced by this process,
which correspond to certain angles. These histograms may then be converted into *.spn
files, using a ROOT command which writes this Radware-readable format.
The Radware program gf3 may then be used to read these files. From each of the thirteen
histograms, two spectra are produced: a full spectrum of what is contained in the *.spn
format, writing a *.spe file, and a background spectrum, which also results in a *.spe file.
These can then be used in xmesc, along with the efficiency and calibration information,
to produce thirteen *.e4k files, onto which energy gates may now be applied.
Efficiency curves were produced for all 101 detectors used in this experiment, using the
calibration sources. These efficiencies were applied after the sort, using a code which
loops over the pairs of detectors and adds up their combined γ-efficiencies to provide
a normalisation. This takes into account the angles of the detectors, the value of the
energy gate, and the energy of the peak of interest, as well as the calculated efficiencies
and the angles (θ and φ) covered for each measurement [85]. The relevant code can be
found in Appendix F.
4.6 Production of Angular Distribution Matrices
The methodology for producing angular distributions, and the differences between this
and angular correlations, is described in Chapter 3. The angles between the rings of de-
tectors at different angles must be taken into account, again with changes to the User*.h
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Counts in 2465 keV-
Angle (◦) Number of Detectors Gated Spectrum
17.27 + 162.73 5 19369
31.72 + 148.28 8 24324
37.38 + 142.62 10 21419
50.07 + 129.93 20 24674
58.29 + 121.72 10 20107
69.82 + 110.18 20 20474
79.19 + 100.81 and 80.71 + 99.29 19 22379
90.00 8 20884
Table 4.2: The angles and number of detectors at each angle for the angular dis-
tribution measurements. Some detectors were not available. The detector groups at
79.19 and 80.71, and 99.29 and 100.81 were combined. The gated spectra had efficiency
curves applied.
files [89], which can be found in appendix E. Similarly, the sort code is recompiled, and
the data resorted. This leads to the production of 15 *.root files, which were converted
into *.spe files, after which the efficiency calibration will be applied.
As mentioned previously, rings of detectors which are symmetric around θ = 90◦ may
be summed in order to increase the statistics. A full list of the angles and number
of detectors can be seen in table 4.2. After the application of the 2465 keV gate to
produce the 207Tl matrices, the spectra produced at different angles were combined in
order to increase the number of counts in the spectra such that peak-fitting would be
either possible or more reliable. The first of these combinations was the 17.27◦, 31.72◦,
and 37.38◦ spectra. Additionally, the 50.07◦, 58.29◦, and 69.82◦ spectra were combined,
as were the 79.19◦ and 90.00◦ spectra. Examples of the spectra produced as a result of
this are shown in Chapter 6.
Chapter 5
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5.1 Single-particle states
Single-particle states in 207Tl occur when the proton-hole state is excited to a higher
state, or is at the ground state. The 1/2+, 3/2+ and 11/2−, 5/2+ and 7/2− states
were all observed by Hinds et al. in a 208Pb(t,α)207Tl reaction, with the target being
enriched to 99%, and α-particles being detected using a nuclear photographic emulsion
[90]. The half-life of the isomeric 11/2− state was measured by Eccleshall and Yates,
as T1/2 = 1.33 ± 0.11 s, using a 3H beam, a natural lead target and a NaI(Tl)-based
detector [91]. These levels can be seen in figure 5.1.
Figure 5.1: Single-particle states in 207Tl.
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5.2 Particle-vibration coupling
Barnes et al. observed the 4293 keV state in 207Tl, from which the 480 keV transition
decays, in a 208Pb(t,α)207Tl* reaction [92]. This experiment used a 20 MeV beam in
order to bring about a proton pick-up reaction. This built on the previous work of Hinds
et al. which had used the same reaction, but with beam energies of 12 MeV and 13.5
MeV [90, 93]. The later experiment used a magnetic spectrograph and a ∆E/∆X − E
counter telescope to measure the α-particles emitted from the excited 207Tl states.
A later experiment performed by Rejmund et al., showed evidence of core breaking
in 207Tl, and was performed using five EUROBALL Ge-cluster detectors and 132 NaI
CRYSTAL BALL detectors, utilising the UNILAC accelerator, at GSI Helmholtzzen-
trum fu¨r Schwerionenforschung. Beams of 208Pb and 136Xe were used to impinge upon
an isotopically enriched 208Pb target. In this experiment, a number of transitions were
seen above the 11/2− isomeric state, and three of these were placed in the level scheme,
as shown in figure 5.3. The resulting high-energy spectra from this experiment can be
seen in figure 5.2 [37]. In this work, transitions were assigned to nuclei using cross-
coincidences in reaction partners. These were confirmed by the comparison of spectra
which resulted from different of the beams, to prevent misassignment [37, 94].
The particle-octupole vibration coupling resulting from the ∆j ≡ ∆l ≡ 3 rule in 208Pb
and its adjacent nuclei was studied by Rejmund et al. Due to the single particle or hole
configuration of the adjacent nuclei, the particle-octupole vibration coupling is conspic-
uous as it is not obscured by other phenomena. The assignment of this state which is
de-populated by the 2465 keV transition in 207Tl, as a 17/2+ state, was designated by
comparison with both 208Pb and the other nuclei which are adjacent to it. Addition-
ally, this was also based on the predictions of the particle-vibration coupling model, as
described in reference [37].
This previous work, as well as placing the transitions in the level scheme as shown
in figure 5.3, also identified and measured the γ-ray intensities of a number of other
transitions. The details of these can be seen in table 6.1, where they are also compared
with the results from the data discussed in this thesis. In the analysis of the data
discussed in this thesis, the confirmation and expansion of the previous work on this
nucleus was possible.
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Figure 5.2: The high-energy sections of the spectra seen in the work by Rejmund et
al., where a) used a 208Pb beam, and b) a 136Xe beam [37].
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Figure 5.3: Transitions seen and placed by Rejmund et al. above the isomeric 11/2−
state in 207Tl [37, 48].
Chapter 6
207Tl: Experimental Results
A number of nuclei were produced in the deep-inelastic reaction described previously in
this thesis. These reaction products are all in the vicinity of the doubly-magic nucleus
208Pb. Since the beam is stopped in the thick target, Doppler correction is not required.
Shown in figure 6.1 is part of the ungated projection of the γγγ prompt spectrum, as
seen previously in figure 4.3. Here, several known transitions can be seen, and their
associated nuclei are given. Several of these are transitions of an E3 nature, which
are due to the stretched coupling of the octupole vibration of their relative states [37].
The octupole excitation for all four single particle or hole neighbours of 208Pb can be
seen in this spectrum. These are the 2741 keV line from 209Bi, the 2485 keV transition
from 207Pb, although there is some dispute about the multipolarity assignment of this
transition [37, 48, 95], the 2419 keV line from 209Pb, and the 2465 keV transition from
207Tl. Transitions which originate from states of higher energy than that of the 2465
keV transition, are a result of a single particle breaking the core of the nucleus.
The ungated spectrum gives a good indication of which nuclei are most strongly pop-
ulated, based on the intensities of the relative E3 transitions. As should be expected,
the 208Pb nucleus is most strongly populated, followed by the 207Pb nucleus, as neutron
evaporation has occurred. Following this, the other nuclei which are adjacent to 208Pb,
that is 207Tl, 209Pb, and 209Bi are populated to a similar level. It is more difficult to
estimate the relative intensities of nuclei which are further away from 208Pb.
6.1 Level Scheme of 207Tl
The nucleus 207Tl has one proton less than the doubly-magic nucleus, 208Pb. 207Tl
has relatively little known about its yrast structure [37, 48], with only three transitions
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Figure 6.1: The full projection of the γγγ prompt spectrum, expanded between 2300
keV and 2750 keV. A number of known transitions are clearly seen in this region,
many of them representing E3 transitions. Interpretation of peaks based on a figure in
reference [37].
originating from states of higher energy than the isomeric 11/2− state being known;
the 2465 keV, 605 keV, and 480 keV transitions. The presence of a corresponding
peak at 2741 keV resulting from this transition in the reaction partner, 209Bi, confirm
the existence of cross-coincidences in reaction partners in these data. In this case, the
reaction partner is relatively well known [48, 49]. By gating on known transitions in
209Bi, transitions in 207Tl can be seen. An example of this is shown in figure 6.2, which
shows a spectrum gated on the known 209Bi transitions, 246 keV and 500 keV. The peak
at 2465 keV is an established 207Tl transition, first seen by Rejmund et al. [37]. This
de-excites the 17/2+ state, which has the pih−111/2× 3− configuration. Also visible in this
spectrum is the previously known 605 keV transition, and two transitions, at 265 keV
and 1109 keV, which had been seen in the previous experiment, but were not placed in
the 207Tl level scheme [48]. Figure 6.2 also shows a spectrum in which small but visible
peaks are seen at 1745 keV and 2195 keV. These are thought to be the result of a second
nucleon breaking the core.
A further example of cross-coincidences is shown in figure 6.3, wherein a gate on 2485
keV, from 207Pb, which has one less proton than 208Pb, is applied. Transitions which
are known to originate from 209Pb, which has one more proton than 208Pb, are shown;
the 255 keV, 287 keV, and 318 keV transitions [48, 49]. However, it was not possible
to apply the same technique to 209Pb, as gating on the 2491 keV transition from this
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Figure 6.2: Spectra obtained from a γγγ cube, the upper panel spectrum being
obtained by gating on 246 keV and 500 keV, which are known transition in 209Bi.
The spectrum of the lower panel was obtained by gating on 2465 keV from the 207Tl
reaction partner. Highlighted are transitions from either of these, clearly showing cross-
coincidences in reaction partners.
nucleus only shows transitions from 207Pb and no obvious transitions from 209Pb, as
can also be seen in the figure. Here, this may be attributed to large quantities of 207Pb
being produced from neutron evaporation from 208Pb subsequent to the collision. The
511 keV peak is likely to be a result of positron annihilation, while the 583 keV transition
may be a transition from 208Pb; the γ-ray which depopulates the 5− state, feeding the
3− state [39], and the presence of this transition in this spectrum may also be due to
neutron evaporation. This is an example of the issues which may arise from the neutron
evaporation reaction which occurs after the initial deep-inelastic reactions.
An additional difficulty with cross-coincidences arises in these data when one reaction
partner has several isomeric states of longer lifetime than are able to be detected using
the time conditions used in this experiment. Such an event occurs in the 210Po nucleus,
in the associated reaction partner, 206Hg. In this case, 206Hg has a number of low-lying
isomeric states. This is exacerbated by there being little known about this nucleus
above its 2.15 µs, 5− isomeric state [96]. These reaction partners are produced when
two protons are exchanged during the collision.
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Figure 6.3: Above is a spectrum obtained from a γγγ cube, obtained by gating on
2485 keV, which is a known transition in 207Pb. Labelled in red are transitions which
have been assigned to 209Pb, showing cross-coincidences [48, 49]. Labelled in blue are
transitions from 207Pb. A similar spectrum gated on the known 2491 keV transition in
209Pb is shown in the lower section, and labelled similarly.
Shown in figure 6.4 are spectra obtained from the reaction partners 206Pb and 210Pb.
The 206Pb spectrum is produced by placing gates on the known 803 keV and 537 keV
transitions [96]. Transitions which are known to originate from 210Pb are labelled, the
528 keV, 657 keV, 800 keV, and 1234 keV transitions [97]. Also visible is the 583 keV
transition, which is a transition resulting from a low-lying state in 208Pb [39]. The
210Pb spectrum is produced using the PDD data, as the 2+, 4+, 6+, and 8+ states in
this nucleus are isomeric states, which have half-lives in the range which can be observed
in this experiment; using the PDD data produces a cleaner spectrum than a similar one
produced using the PPP data. In this case, the isomeric state half-lives range from 17 ps
to 201 ns [97]. Known transitions from both nuclei are labelled, with several transitions
from 206Pb being visible, again showing the cross-coincidences. These reaction partners
are produced when two neutrons are exchanged during the collision.
In the experiment performed by Rejmund et al., seven new transitions were seen in
207Tl, of which three were placed as per figure 5.3. The 2465 keV transition depopulates
a 17/2+ state, into an 11/2− isomeric state with T1/2 =1.33 s. This allows the confident
statement that all transitions seen when a gate is placed on 2465 keV either originate
from states of higher energy in the level scheme, or from the reaction partner. This is
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Figure 6.4: Spectrum obtained from a γγγ cube, obtained by gating on 803 keV and
537 keV, which is are known transitions in 206Pb. Labelled in red are transitions which
have been assigned to 210Pb, showing cross-coincidences [96, 97].Labelled in blue are
transitions from 206Pb. A similar spectrum gated on the known 800 keV and 298 keV
transitions in 210Pb is shown in the lower section, and labelled similarly.
due to a feature of the experiment, which allows delayed transitions to be seen only if the
isomeric state they decay from has a half-life such that T1/2 . µs [55]. It would therefore
be impossible, with current timing conditions, for any of the transitions originating from
states of energy less than the isomeric state to be seen in the delayed spectra if an energy
gate is placed on a transition which results from a state of higher energy than the isomeric
state.
A spectrum gated on the 2465 keV transition from 207Tl can be seen in figure 6.5.
Transitions below this one cannot be seen due to the T1/2 =1.33 s, 11/2
− isomeric state.
Therefore, all other transitions seen in this spectrum must either belong to 207Tl, or be
from the reaction partner. Even with only this single gate, six new transitions can be
seen; this increases when double-gated spectra are produced. Additionally, the existence
of transitions which were seen but not placed in the level scheme in the previous work
[37] can be confirmed, and the level scheme for 207Tl expanded, as shown in figure 6.9.
Figure 6.9 shows the full level scheme of 207Tl, as found from the data produced in
this experiment. The single-particle states, 1/2+, 3/2+, 11/2−, and 5/2+ were all well-
described by experiments in the 1960s [90, 91]. Additionally, the lifetime of the isomeric
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Figure 6.5: A spectrum with a gate on the 207Tl transition, 2465 keV. The peaks are
labelled, indicating whether they originate from the reaction partner, were seen and
placed (or otherwise) by Rejmund et al., or are transitions from 207Tl which have not
previously been seen.
11/2− state was well-characterised, as described previously in chapter 5. The 2465 keV
transition was used to positively assign transitions to this nucleus,and was observed
through cross-coincidences in the reaction partner, 209Bi. This transition, plus the 480
keV and 605 keV were placed in the level scheme by Rejmund et al. [37]. Through the
work described in this thesis, these transitions have been confirmed as originating from
this nucleus. A spectrum is shown in figure 6.5 which has an energy gate on the 2465
keV transition, and where thirteen transitions have been labelled and have been assigned
to this nucleus, as well as two transitions from the reaction partner. For the transitions
from 207Tl, it is reasonable to assume that all decays shown in the level scheme originate
from states which are of higher energy than the 11/2− state. This is because the isomeric
11/2− state has T1/2 = 1.33 s, a half-live which is several orders of magnitude longer
than can be observed with the timing conditions used in this experiment. The transitions
from 207Tl shown in this part of the spectrum are assumed to be due to a single neutron
breaking the core.
The ordering of these transitions has been deduced via the measurement of their inten-
sities, and also through comparison with the two shell-model calculations produced by
Brown and Grawe. The use of multipolarities found from this data has also helped in
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the ordering of the level scheme; if the spin and parity of a state can be assigned with
a high level of confidence, the multipolarity of a transition which decays into it can be
used to find the spin and parity of the state it originates from.
It is worth noting that the 129.2 keV transition is not easily seen on the spectrum men-
tioned, but a double gate, as shown in figure 6.6, allows this transition to be seen. In this
instance, a double gate on the 2465 keV and 265 keV transitions is used. Additionally,
the existence of the 80.0 keV transition is deduced via coincidences, rather than being
seen in the spectra; at this energy, the spectra are dominated by the characteristic lead
x-rays, making direct observation of this γ-ray difficult.
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Figure 6.6: A spectrum with gates on the 207Tl transitions, 2465 keV and 265 keV.
Clearly visible is the 129 keV transition, as well as the overlap between the 395 keV
and 398 keV transitions, and the 75 keV characteristic 208Pb x-ray.
The states of higher energy than the 35/2(+) state can be seen in figure 6.2, and are
thought to be due to a second nucleon breaking the core. The 2194.4 keV and 1744.9 keV
transitions can be seen in the single-gated spectrum in figure 6.2, as can the 395.5 keV,
398.4 keV, 422.5 keV, and 598.2 keV transitions. Further, the 1744.9 keV and 2194.4
keV transitions can be seen in the spectra shown in figure 6.7, gated on, respectively,
2465 keV and 1109 keV, 2465 keV and 265 keV, and 2465 keV and 302 keV. The 344.3
keV transition is tentative, as it cannot be seen in a spectrum, but its existence can
be deduced via coincidences. This may be attributed to the fact that there is a 342.0
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keV transition, of higher intensity, which originates from a state of lower energy in this
nucleus, so this may well be a doublet.
A complication may arise from the proximity of the 604.6 keV transition and the neutron
recoil on 74Ge line at ∼ 600 keV. The characteristic shape of a peak due to such a recoil
originates from Doppler broadening, resulting in a asymmetric peak, with a long energy
tail in comparison to a normal peak shape [71]. This can be seen in figure 6.8.
A further complication may arise from the positron annihilation line at 511 keV. This
exactly overlaps with the 511.2 keV transition in this nucleus. The existence of this
transition in this nucleus may be proved by coincidences. This transition was also seen,
but not placed in the level scheme by Rejmund et al. [37].
6.1.1 Total γ-ray Intensities
The multipolarities of γ-rays may be found in a number of ways. One of these involves
finding the total intensities of the γ-rays. This method may also be used to order the
transitions in a level scheme, as it is expected that lower-intensity transitions originate
from a higher energy-level than the γ-rays of high intensity. This has a few exceptions,
for instance in the case of transitions which may have a high conversion coefficient, as
described in section 2.3.2. Table 6.1 shows the intensities of the peaks observed in 207Tl,
and compared with the previous work [48].
The initial method for finding the multipolarity of the γ-ray transitions involved finding
the intensities of the transitions.
6.1.1.1 Conversion Coefficients by Intensity Balance
Referring to figure 6.10, it is assumed that γ1 and γ2 are transitions which have γ-
ray intensities of equal value. This is due to the state which γ1 feeds having a single
transition, γ2, resulting from it.
Iγ1(1 + α1) = Iγ2(1 + α2) (6.1)
There are a number of points where this method can be applied to these data, most
conspicuously between the 21/2+ and 17/2+ states, as per the level scheme in figure 6.9,
where, using the previous example as an analogue, γ1 = 125 keV, γ2 = 480 keV, and
γ3 = 605 keV.
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Figure 6.7: Spectra with different gates showing the 1745 keV and 2195 keV transi-
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Figure 6.8: The full projection of the γγγ prompt spectrum, expanded between 500
keV and 700 keV. The neutron recoil on 74Ge peak is clearly visible with its peak and
long tail at ∼ 600 keV
By choosing pairs of gates such that one a gate is below the relevant transitions, and one
is above, this method may then be used. Following peak-fitting, and using the efficiency
curve of the array, the total intensity of the γ-ray, Iγ , may be found. The multipolarities
are suggested by the intensity balances.
By using the BrIcc Conversion Coefficient Calculator [52] the theoretical conversion
coefficients for different multipolarities of γ2, in this case M1, E1, and E2, can be found.
This method assumes that γ2 is not a mixed multipolarity transition.
By assuming different multipolarities for γ2, either M1, E1, or E2, the conversion coef-
ficient of γ1 may have one of three different values. By comparison with the conversion
coefficient given by theory, an estimation of the multipolarity may be given. For in-
stance, in the case of the first of these in the table, γ1 = 125 keV, γ2 = 480 keV, and
γ3 = 605 keV, in assuming a multipolarity of M1 for the 480 keV transition, the mean
conversion coefficient based on the experimental data is α¯γ1 = 5.82 ± 0.94. Assuming
γ2 has a multipolarity of E1, the conversion coefficient is α¯γ1 = 5.20 ± 0.86, and for a
multipolarity of E2, α¯γ1 = 5.33± 0.88. By then using the BrIcc Conversion Coefficient
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Figure 6.9: A 207Tl level scheme, with spin and parity assignments based on the
intensities, angular correlations, and angular distributions observed from this experi-
ment.
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Eγ(keV ) Iγ [37] I
∗
γ
80 - @
115.7 - 11 (3)
124.8 - 14 (4)
129.3 - 3 (2)
196.5 - 23 (3)
213.6 - 24 (3)
264.8 58 (7) 100 (10)
302.3 40 (6) 40 (4)
342.0 26 (5) 42 (3)
352.0 - 23 (5)
395.9 - 21 (3)
398.7 - 12 (3)
422.5 - 5 (3)
479.3 100 (10) 59 (6)
511.6 30 (5) 28 (5)
594.9 - 10 (3)
599.6 - 7 (4)
604.6 53 (7) 51 (5)
1108.9 19 (5) 31 (5)
1746.4 - 5(2)
2193.9 - 4(2)
Table 6.1: A summary of the peaks observed in 207Tl, with values for the intensities
assigned. The column of intensities marked with a ’*’ are from this work, and are
compared with the previous work [37]. The existence 80 keV transition, marked by ’@’,
is inferred by coincidences, and therefore an intensity for this peak cannot be found.
This is due to the low efficiency of the detectors at this energy, and that the x-rays
emitted are of much greater intensities in comparison.
γ
γ
γ
1
23
Figure 6.10: Transitions in parallel, where γ1 and γ3 originate from the same level,
and γ1 feeds into γ2.
Calculator [52] for the possible conversion coefficient values for different multipolari-
ties of the 125 keV transition, the values of the conversion coefficients are 4.56 ± 0.07,
0.246± 0.004, and 2.37± 0.04, for M1, E1 and E2, respectively. Comparing the exper-
imental and theoretical results suggests that the 125 keV transition is M1 in nature,
which is in agreement with shell model calculations which are discussed later.
For the 129 keV transition, which feeds into the state from which the 213 keV transition
originates, in parallel with the 342 keV transition a pure M1, or M1+E2 assignment are
possible. This is due to the experimental mean value of the conversion coefficients for the
M1 and E2 multipolarities being close to the theoretical values, within error bounds. A
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pure E2 transition is unlikely, as, for a transition of this energy, this would be expected
to be isomeric, with a transition half-life of ∼ 0.1µs, if the transition is assumed to
have a transition strength of 1 W.u. [64]. A pure E2 transition, with a half-life of 0.2
µs calculated from the single-particle transition equation [64], is unlikely to have been
seen in the prompt data, given the time conditions, or even in the delayed data because
of the relatively low intensity of the peak, the lower efficiency of the detectors at this
energy, and the relatively long duration of this possible half-life.
To find the conversion coefficient of the 265 keV transition, tentatively assigned between
the 23/2+ state and the 21/2+ state, a slightly different method is required. This case,
using the notation from figure 6.11, can be described in the following manner:
Iγ1(1 + α1) = Iγ2(1 + α2) + Iγ3(1 + α3) (6.2)
So, the 265 keV transition is assigned a multipolarity of M1+E2, with a conversion
coefficient of 0.24 ± 0.10. This compares very well with the case where the mixing ratio
is δ = 2, wherein the conversion coefficient is 0.24. For pure M1 or E2 transitions, the
conversion coefficients would be:
M1 α = 0.55
E2 α = 0.16
Therefore, bearing in mind the error on the conversion coefficient, the mixing ratio would
be δ = 2
(
+∞
−0.9
)
. This defines a lower limit for the mixing ratio. A pure E2 transition
may be possible with t1/2 ∼ 5 ns, based on these results, but angular correlations and
distributions, which will be discussed in sections 6.1.2 and 6.1.3, render this unlikely.
The value of the conversion coefficient can be used to find the mixing ratios, δ, of the
transitions, assuming that they are M1+E2 in nature, using the following equation, as
previously described in Chapter 2:
δ =
√
αM1 − αexp
αexp − αE2 (6.3)
Here, αexp is the experimental value of the conversion coefficient, found using the data,
and αM1,E2 are the theoretical values found using the BrIcc Conversion Coefficient
Calculator [52]. The value of the mixing ratio for this transition was found to be δ =
2.604± 1.8.
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γ γ23
γ1
Figure 6.11: The transition γ1 feeds into both γ2 and γ3, such that it is assumed that
the total transition intensity of γ1 would be equal to the sum of the intensities of γ2
and γ3.
6.1.2 Angular Correlations of 208Pb
In order to assess the validity of the angular correlation method the multipolarities
of transitions in 208Pb were inferred using these data and compared with the well-
established multipolarity values for these transitions in this nucleus [39]. Additionally,
the statistics of 208Pb are higher in comparison to 207Tl, as 208Pb has been abundantly
populated. These have been summarised in figure 6.12.
Figure 6.12: The low-energy levels of 208Pb, and their associated multipolarities [39].
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The original orientation of the nuclei as produced in the reaction was neglected, and it
was assumed that intermediate transitions do not have a significant effect on the angular
correlation.
The 2615 keV E3 transition was gated on to produce a spectrum in which the transi-
tions tested could clearly be seen. The multipolarity results from these data have been
found to be consistent with the established data, as can be seen in figure 6.13. The
black points represent the experimental data, with the black line being a linear line of
best fit. Also plotted are the theoretical W (θ) values for each energy, depending on
multipolarity. In a manner which is consistent with the values found in the literature,
the 1413 keV transition corresponds most consistently with the E3 theoretical line, in
terms of gradient. Similarly, the 583 keV transition is akin to the theoretical E2 line,
which is also in agreement with previous results described in the literature [39], and this
indicates that the two assumptions listed above are valid.
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Figure 6.13: Angular correlations between the 2614 keV E3 transition and the 1413
keV γ-ray (left panel), and the 583 keV γ-ray (right panel). The data points are the
experimental values, found for different angles, while the thick black line is the fit to
the data. Theoretical lines are also shown, considering different multipolarities.
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6.1.3 Angular Correlations and Distributions of 207Tl
The angular distribution method was also used for the purpose of ensuring that the
multipolarity assignments produced by the angular correlation and intensity balance
methods are correct. These distributions are made by gating on the 2465 keV transition,
which is expected to be E3 in nature [37]. Figure 6.14 shows the angular distribution of
this 2465 keV transition. An E3 transition is expected to have a large positive gradient,
as has proved to be the case such that this transition can therefore be assigned to be E3 in
nature. This results in a larger angular correlation coefficient, a2, when compared to the
equivalent ∆L = 2 transitions seen, both in previous works [98–100], and here in figure
6.15, which compares the angular distributions of transitions of known multipolarities
from 208Pb, the M1(+E2) 212 keV transition, the E2 583 keV transition, and the E3
1413 keV transition [39]. Shown in section 3.3.2 are the equations used by Radware to
fit the angular distribution curves.
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30000
35000
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2465 keV transition (E3): no gate
a2=0.349(11) a4=0.022(16)
Figure 6.14: Angular distribution of the 2465 keV E3 transition in 207Tl, from the
full projection.
Figure 6.16 shows the angular correlation spectra, gated on the 2465 keV transition, and
at all available angles, as shown in table 4.1. The differences in the heights of the peaks
at different angles is clearly visible, as is the relative proximity of some peaks and the
lower number of counts in the spectra when compared to data collected by the whole
array, which led to some difficulties when fitting the peaks.
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Figure 6.15: Angular distributions of known multipolarity transitions from 208Pb,
the M1(+E2) 212 keV transition, the E2 583 keV transition, and the E3 1413 keV
transition.
Figure 6.17 shows the angular distribution spectra, gated on the 2465 keV transition,
and at all available angles, as shown in table 4.2. Here, the spectra at angles 17◦, 32◦,
and 37◦ have been combined to produce a single spectrum, as have the spectra from 50◦,
58◦, and 70◦, as well as the 80◦ and 90◦ spectra. Even when these spectra have been
combined, the statistics are still quite low, as can be seen in the figure. For the sake
of comparison, a spectrum from the detectors at 32◦ (combined only with the spectrum
at 148◦), is shown in figure 6.18. The comparatively low statistics show why combining
these spectra is necessary.
Shown in figure 6.19 is the comparison between the calculated values of W(θ) for the
1109 keV transition in 207Tl and the experimentally determined values. The largest
error bars correspond to the two groups of detectors which contain the fewest number
of detectors. Nonetheless, the linear regression of the experimental data allows this
transition to be assigned as having a multipole order of L = 1. Additionally, angular
distribution measurements of this transition also suggest that it is a dipole, as shown in
figure 6.20; the negative gradient of the line is indicative of a transition which is dipole
in nature [78].
Shown in figure 6.21 is the comparison between the experimental data and the calculated
values of W(θ) for the 265 keV transition in 207Tl. In this instance, it is not trivial to
assign a multipolarity to this transition. From the calculated conversion coefficients,
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Figure 6.16: The angular correlation spectra at all available angles, gated on the
2465 keV transition.
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Figure 6.17: The angular distribution spectra at all available angles, gated on the
2465 keV transition.
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Figure 6.18: The angular distribution spectrum at 32◦, gated on the 2465 keV tran-
sition.
αγ1, found using the intensities of the peaks and shown in table 6.2, a multipolarity of
M1+E2 for this transition was tentatively assigned. From this, a mixing ratio, δ, was
found, and this may now be used, in conjunction with the BrIcc Conversion Coefficient
Calculator and equations 3.13 and 3.14, to also produce another calculated value of
W(θ) for comparison.
As mentioned previously, the mixing ratio for this transition was found to be δ =
2.604±1.8. Figure 6.22 shows a comparison between the experimental data (normalised
slightly differently compared with the same data shown in Figure 6.21), and the values
of W (θ) found using the mixing ratio, as well as the same for the upper and lower limits
given by the error analysis (δ = 4.404 and δ = 0.804, respectively). As can clearly be
seen, the experimentally determined values match most closely to the lower limit value
of δ = 0.804, suggesting that this most closely matches the actual value of the mixing
ratio for this transition.
Figure 6.23 shows the angular distribution of the 265 keV transition. The negative
gradient of the line of best fit suggests that this is a dipole transition. However, the
other methods of multipolarity determination suggest that this transition is an M1+E2,
however if the M1 component is the major component, the angular distribution may be
congruent with the other methods.
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Figure 6.24 shows the angular distribution of the 125 keV line in 207Tl, a transition which
was found to be too small to be seen in the angular correlation data, but the combining
of the detectors at different angles in the angular distribution method allowed for peak
fitting to be performed. For this transition, the linear regression has a slight negative
gradient, suggesting a dipole transition.
Figure 6.25 shows the comparison between experimental and theoretical data for the
196 keV transition. This shows a good agreement between the experimental data and
the theoretical values for a dipole transition. Figure 6.26 shows the experimentally
determined values for the angular distribution of the 196 keV transition. In agreement
with the angular correlation result, the linear regression suggests a dipole transition.
This is in accordance with the theoretical shell model calculations, which predict that
this transition that has been assigned to decay from the 29/2− state may decay into a
27/2− state, meaning that the transition would be M1 in nature.
Figure 6.27 shows the comparison between experimental and theoretical data for the 213
keV transition. In this case, an agreement between theoretical and experimental data is
not clearly seen, however the gradient of the experimental linear regression is evocative
of a dipole transition. This transition has been placed in the level scheme of 207Tl such
that it is depopulating the 23/2+ state to the 23/2+ state. This means that a separate
consideration of this is required for the theoretical angular correlation coefficients, unlike
that which has been performed for the other transitions in this nucleus, taking into
account that ∆I = 0. As can be seen, this calculation expects a positive correlation
between cos2(θ) and W (θ). Figure 6.28 shows the experimentally attained angular
distribution of the 213 keV transition. The negative gradient of the linear regression, in
agreement with the angular correlation result, suggests that this is a dipole transition.
Figure 6.29 shows the comparison between experimental and theoretical data for the
302 keV transition. Again, the theoretical L = 1 multipolarity data, and the line of best
fit of the experimental data show a good agreement. The angular distribution data for
this transition, shown in figure 6.30 is in agreement with the angular correlation data,
in that a L = 1 transition is suggested.
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Figure 6.19: A comparison between the angular correlation experimental data and the
calculated values of the angular correlation function W(θ) for the 1109 keV transition
in 207Tl, with a gate on the 2465 keV transition.
Figure 6.31 shows the comparison between experimental and theoretical data for the 342
keV transition. The experimental and theoretical lines do not match well in this case,
although an M1 transition may be likely, due to the negative gradient of the experimental
linear regression. A confounding factor may be the close proximity of the nearby 351
keV peak. A further confounding factor is the possible indication of a transition of
energy ∼ 343 keV from a higher energy state, which may be a source of error here.
The multipolarity of this ∼ 343 keV transition is uncertain, as it is a transition of low
intensity, and only by comparison with states in 208Pb in which two particles break the
core would any indication of a multipolarity of this transition be possible. Figure 6.32
shows the angular distribution result, which suggests that this transition is quadrupole
in nature as expected, however the data points do not line up well, so an additional
factor may also be at work here.
Figure 6.33 shows the comparison between experimental and theoretical data for the 351
keV transition. Again, the proximity of the 342 keV peak may have caused problems with
the peak fitting, as it is not clear what relation there is between the theoretical points
and experimental data. A generous comparison of the experimental linear regression
and the L = 2 line suggests similarities in gradient. The angular distribution data for
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Figure 6.20: Experimental values of the angular distribution function W(θ) for the
1109 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.21: A comparison between the angular correlation experimental data and
the calculated values of W(θ) for the 265 keV transition in 207Tl, with a gate on the
2465 keV transition.
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Figure 6.22: Comparison between the experimental data and the calculated values of
W(θ), the angular correlations functions, for the 265 keV transition in 207Tl, making
use of the value for the mixing ratio found above.
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Figure 6.23: Experimental values of the angular distribution function W(θ) for the
265 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.24: Experimental values of the angular distribution function W(θ) for the
125 keV transition in 207Tl, with a gate on the 2465 keV transition.
this transition, shown in figure 6.34, also suggests that this transition is quadrupole in
nature.
Figure 6.35 shows the comparison between experimental and theoretical data for the
480 keV transition. There is no clear interpretation here, but the positive gradient of
the experimental line of best fit suggests that this would be either L = 2 or L = 3
transition. This is not in line with the result from the previous work by Rejmund et al.,
which suggests that this transition would be M1 in nature. The angular distribution
data, shown in figure 6.36, also suggest that this transition is quadrupole in nature. It
may be that this transition is of mixed multipolarity.
The spectrum in figure 6.37 shows the angular correlation of the 511 keV transition in
207Tl, which may suggest that the transition is L = 2 in nature. Figure 6.38 shows
the angular distribution of the 511 keV transition, and suggests a transition which is
dipole in nature. An obvious confounding factor is the existence of the 511 keV positron
annihilation peak, which is always seen in such experiments.
Figure 6.39 shows the comparison between experimental and theoretical data for the
605 keV transition. Again, no clear value for the multipolarity can be seen, but the
positive gradient of the line suggests that it is either E2 or E3 in nature. The angular
distribution of this transition suggests that it is a quadrupole transition.
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Figure 6.25: A comparison between experimental data and the calculated values of
W(θ), the angular correlation function, for the 196 keV transition in 207Tl, with a gate
on the 2465 keV transition.
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Figure 6.26: Experimental values of the angular distribution function W(θ) for the
196 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.27: A comparison between the experimental data and the calculated values
of the angular correlation function W(θ) for the 213 keV transition in 207Tl, with a
gate on the 2465 keV transition.
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Figure 6.28: Experimental values of the angular distribution function W(θ) for the
213 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.29: A comparison between the experimental data and the calculated values
of the angular correlation function W(θ) for the 302 keV transition in 207Tl, with a
gate on the 2465 keV transition.
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Figure 6.30: Experimental values of the angular distribution function W(θ) for the
302 keV transition in 207Tl, obtained from the angular distribution method, with a gate
on the 2465 keV transition.
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Figure 6.31: A comparison between the angular correlation experimental data and
the calculated values of W(θ) for the 342 keV transition in 207Tl, with a gate on the
2465 keV transition.
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Figure 6.32: Experimental values of the angular distribution function W(θ) for the
342 keV transition in 207Tl, obtained from the angular distribution method, with a gate
on the 2465 keV transition.
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the calculated values of the angular correlation function W(θ) for the 351 keV transition
in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.34: Experimental values of the angular distribution function W(θ) for the
351 keV transition in 207Tl, obtained from the angular distribution method, with a gate
on the 2465 keV transition.
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Figure 6.35: A comparison between experimental data and the calculated values of
W(θ), the angular correlation function, for the 480 keV transition in 207Tl, with a gate
on the 2465 keV transition.
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Figure 6.36: Experimental values of the angular distribution function W(θ) for the
480 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.37: Experimental values of the angular correlation function W(θ) for the
511 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.38: Experimental values of the angular distribution function W(θ) for the
511 keV transition in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.39: A comparison between the angular correlation experimental data and
the calculated values of the angular correlation function W(θ) for the 605 keV transition
in 207Tl, with a gate on the 2465 keV transition.
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Figure 6.40: Experimental values of the angular distribution function W(θ) for the
605 keV transition in 207Tl, with a gate on the 2465 keV transition.
Chapter 6. 207Tl: Experimental Results 89
Table 6.3 summarises the multipolarities assigned to different transitions in the 207Tl
nucleus via the angular correlation and distribution methods. It also shows the mixing
ratio for the 265 keV transition, based on the comparison between the experimental data
and calculations of W (θ) for different mixing ratios, as shown in figure 6.22. Table 6.4
shows the a2 and a4 coefficients.
Multipolarity
Eγ(keV ) Correlations Distributions Mixing Ratio
124.6 - M1
196.5 M1 M1
213.4 (M1) M1
264.7 M1 + E2 M1 0.804 ± 1.8
302.3 E1 E1
342.0 M1 (E2)
351.4 E2 (E2)
479.5 (M1) E2
511.2 (E2) M1
604.6 (E2) E2
1108.9 M1 M1
Table 6.3: A summary of the peaks associated with 207Tl seen in the spectra, with
values for the multipolarities and, where applicable, mixing ratios, based on the angular
correlations and distributions.
Angular Correlations Angular Distributions
Eγ(keV ) a2 a4 a2 a4
125 - - -0.06(2) -0.1(3)
196 -0.10(4) 0.05(6) 0.06(2) 0.008(3)
213 -0.21(4) -0.02(6) -0.1(2) 0.2(3)
265 -0.07(2) 0.03(3) -0.2(1) -0.007(2)
302 -0.17(4) -0.001(5) -0.2(1) 0.06(3)
342 -0.04(3) -0.05(4) 0.1(1) -0.5(3)
351 0.03(4) -0.09(6) 0.06(2) 0.4(3)
480 0.26(3) 0.07(4) 0.3(1) 0.01(2)
511 0.40(4) 0.5(5) -0.2(1) 0.6(3)
605 0.09(3) 0.02(5) 0.2(1) -0.1(2)
1109 -0.09(6) -0.01(1) -0.4(1) -0.6(3)
2465 - - 0.35(1) 0.02(2)
Table 6.4: Experimental a2 and a4 coefficients for the Legendre polynomials in the
angular correlation equation. This has been calculated for both angular correlations
and angular distributions.
Several of the transitions need input from theoretical considerations in order to better
assign a spin and parity to the levels from which they originate. This is especially
relevant where the parity changes between what has been assigned at the 27/2− level
and the 25/2+ level.
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Eγ (keV)
Assumed
Multipolarity
ELevel (keV) JpiI → JpiF
80* (M1) 5407 25/2− → 27/2−
116 (M1) 5523 29/2− → 25/2−
125 M1 4418 21/2− → 19/2−
129 (M1) 5025 25/2+ → 23/2+
196 M1 5523 29/2− → 27/2−
213 M1 4896 23/2+ → 23/2+
265 M1+E2 4683 23/2+ → 21/2+
302 E1 5327 27/2+ → 25/2−
342 (E2) 5025 25/2+ → 23/2+
344 (10118)
351 (E2) 5875 33/2− → 29/2−
395 (M1) (9720) (43/2+)→ (41/2+)
398 (10118)
422 (10541)
480 (M1) 4293 19/2+ → 17/2+
511 (E1) 5407 25/2+ → 23/2−
595 (M1) (7579) (39/2+)→ 35/2+
599 (11139)
605 (E2) 4418 21/2+ → 17/2+
1109 E1 6984 35/2+ → 33/2−
1745 (9324) (41/2+)→ (39/2+)
2195 (E3) (9774) (45/2+)→ (39/2+)
2465 E3 3813 17/2+ → 11/2−
Table 6.5: A table showing the transitions that are seen in 207Tl in these data. The
80 keV transition, signified with an ’*’, cannot be directly observed in this data, but its
existence can be inferred via coincidences. Multipolarities are deduced using intensity
data, angular correlations, and angular distributions.
Table 6.5 summarises the assigned spins, parities, and energies for the transitions ob-
served here. In cases where the angular correlation and angular distribution measure-
ments are not clearly in agreement, the assumed multipolarities for these transitions
have been labelled as tentative. The transitions where this occurred are 342 keV, 351
keV, 480 keV, 511 keV, and 605 keV. In these transitions, comparison with theory, as
discussed in Chapter 7, have been suggested as the more likely multipolarity. There
are also a number of transitions which were of sufficiently low intensity that angular
correlation and distribution measurements were not possible. These are the 80 keV, 116
keV, 129 keV, 344 keV, 395 keV, 398 keV, 422 keV, 595 keV, 598 keV, and 1745 keV
transitions. In some of these cases, the multipolarities have been deduced from the level
scheme or comparison with shell model calculations. In other cases, insufficient data
was available to estimate a multipolarity for these transitions.
Chapter 7
Interpretation and Discussion
7.1 Comparison with Shell Model Calculations
In order to have a better understanding of the structure of 207Tl, shell model calculations
have been performed. The OXBASH code [101] was employed in two separate shell model
calculations, the first by H. Grawe [102], and second by B. A. Brown [103].
In the calculation by H. Grawe, the model space considered consisted of pid5/2, h11/2,
d3/2, s1/2 below Z = 82, and pih9/2, f7/2, i13/2 above, and the neutron orbitals νi13/2,
p3/2, f5/2, p1/2 below N = 126, and νg9/2, i11/2, j15/2 above. The single particle/hole
energies relative to 208Pb were taken from experiments and are shown in figure 7.1. These
are from well-established values supported by spectroscopic factors, from the ENSDF
database [104, 105] The two-body interaction matrix elements (TBMEs) are based on the
Kuo-Herling interaction [106, 107] including core polarisation. Core excitations across
the 208Pb double-shell closure were allowed.
These shell model calculations utilised a t=1 truncation. The t=1 truncation means
that only one nucleon is permitted to break its pair, and therefore be excited above the
shell gap. This truncation is used in order to reduce the demands on computer power.
Any model with t < 3, where the nucleus in question has a collective component, has
a large over-estimation of the energy of the collective state. An analogous example of
this can be seen in figure 7.2, with the nucleus in question here being 98Cd, the two
proton-hole nucleus in the vicinity of the doubly-magic 100Sn. This figure shows that as
the number of nucleons which may be excited above the core increases, especially when
t ≥ 3, the energies of states with collective components, the 10+, 12+, and 14+ states,
are more in line with the experimentally determined values.
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Figure 7.1: Experimental single-particle or -hole proton (pi) or neutron (ν) energies.
Based on a figure in reference [104].
It is therefore more computationally efficient to only model the t=1 truncation, unless
a substantial increase in computing power can be used. First, the calculations were
compared with experimental data in the case of the 208Pb nucleus. The results are
shown in figure 7.3. There is a good agreement; within ∼ 200 keV in the case of core
excited state. As expected, the shell model greatly overestimates the energies of the
yrast 3− and 2+ states, which originate from the collective nature of the respective
states in 208Pb. Similar figures have been produced for 207Tl, 207Pb, 209Pb, and 209Bi,
in figures 7.4, 7.5, 7.6, and 7.7, respectively. Figure 7.8 shows the difference in energies
between experimentally observed levels [39, 48, 49] and levels predicted in shell model
calculations [102] for the nuclei 207Pb, 207Tl, 208Pb, 209Bi, and 209Pb. The smaller
discrepancy in the values for 208Pb is characteristic of the truncation of the model space
for the shell model calculation; the 0+ ground state in 208Pb would not have another
state of the same spin and parity produced in that nucleus. This is not the case for the
other nuclei, and two-state mixing causes the discrepancy to be increased. The states
with larger discrepancies are an inevitable product of the collectivity of certain states in
these nuclei.
The calculations by B. A. Brown used the M3Y interaction, which is based on one-boson
exchange potential [108]. The two-body matrix elements (TBMEs) for this potential
were calculated with harmonic-oscillator radial wave functions for all possible combina-
tions of orbitals involving protons and neutrons in the major shells. This model space
consisted of pig7/2, d5/2, h11/2, d3/2, s1/2 below Z = 82, and pih9/2, f7/2, f5/2, p3/2, p1/2,
i13/2 above, and the neutron orbitals νh9/2, f7/2, i13/2, p3/2, f5/2, p1/2 below N = 126,
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Figure 7.2: What occurs when different truncations are used in shell model calcu-
lations of nuclei with collective components, this example being for the first six yrast
states in 98Cd, which possesses two fewer protons than doubly-magic 100Sn. Figure
from reference [102].
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Figure 7.3: Comparison of shell model calculations, performed by H. Grawe [102] and
B. A. Brown [103], and experimentally obtained levels in 208Pb [39].
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Figure 7.4: Comparison of shell model calculations, performed by H. Grawe [102] and
B. A. Brown [103], and experimentally obtained levels in 207Tl, both from this work
and from reference [48].
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Figure 7.5: Comparison of shell model calculations, performed by H. Grawe [102] and
B. A. Brown [103], and experimentally obtained levels in 207Pb [48].
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Figure 7.6: Comparison of shell model calculations, performed by H. Grawe [102] and
B. A. Brown [103], and experimentally obtained levels in 209Pb [49, 94].
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Figure 7.7: Comparison of shell model calculations, performed by H. Grawe [102] and
B. A. Brown [103], and experimentally obtained levels in 209Bi [49].
Chapter 7. Interpretation and Discussion 99
0 5 10 15 20
Spin
-1000
-500
0
E n
e r
g y
 D
i f f
e r
e n
c e
 ( k
e V
)
207Pb
207Tl
208Pb
209Bi
209Pb
Figure 7.8: Difference between theory and experimentally confirmed level energies.
Shell model calculations performed by H. Grawe [102]. The effect of collectivity on en-
ergy levels is easily seen in the states which have comparatively large energy differences.
and νg9/2, g7/2, d5/2, d3/2, s1/2, i11/2, j15/2 above. This results in ∼ 30 000 TBMEs.
Additionally, the TBMEs for the Coulomb interaction were calculated for the proton
shells. This calculation does not allow for mixing between single-particle states and
three-particle states.
Comparison of the theoretical energies of the levels obtained by Brown and Grawe, and
the experimentally observed levels for 208Pb, 207Tl, 207Pb, 209Pb, and 209Bi, can be seen
in figures 7.3, 7.4, 7.5, 7.6, and 7.7, respectively. The potential used in the calculations
performed by Brown much more accurately predicted the levels for which collectivity
is expected to previal. The energy differences between the experimentally observed
levels and the levels found in this theoretical calculation can be seen in figure 7.9. By
comparison with figure 7.8, it is clear that the discrepancies between the experimental
results and this second set of shell model calculations, is reduced.
Reduced M1 and E2 transition strengths for 207Tl were calculated by H. Grawe [102],
as shown in table 7.1. Here, the transition strengths, B(σL), are shown in the column
labelled “SM”, and are given in Weisskopf units. These values were converted using,
for the M1 transitions, 1 W.u.=1.79 µ2N , and for the E2 transitions, 1 W.u.=72.74
e2fm4. These values originate from equations 2.33 and 2.34. By using these values, a
theoretical value for branching ratios may be found, and compared with experiment. In
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Figure 7.9: Difference between theory and experimentally confirmed level energies.
Shell model calculations performed by B. A. Brown [103].
order to calculate the theoretical branching ratios, the experimentally observed energies
for each transition are used. For the 21/2+ → 19/2+ transition, the difference between
the theoretical and observed values of the branching ratios may be explained by the
complicated wavefunction for this transition.
For the transition between the 25/2+ and 23/2+2 levels, there can be a comparison
between the experimental and theoretical branching ratios. In this instance, the exper-
imentally obtained branching ratio is around half the value of the theoretical branching
ratio. This may be attributed to the M1 γ-ray competing with an E1. E1 transitions
may not be reliably predicted, and may take any value below 10−3 W.u., leading to a
discrepancy in the predicted M1 values [102]. The branching ratios for the transition
between the 29/2− and 25/2− states is less than the experimentally obtained result.
This may be attributed to the M1 γ-ray competing with an E1.
For the levels 23/2+1 , 23/2
+
2 , and 33/2
− in the experimental data, only a single transition
is observed. By comparison to the theoretical data, it can be seen that the theoretical
transition with the largest calculated branching ratio is the one which has been experi-
mentally observed. This does not occur in the case of the 25/2+ → 23/2+2 , which may
be due to the complexity of the wavefunction. As can be seen in table 7.2, the compo-
nents of the wavefunctions for some of the states are very fragmented. This is especially
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Ipii → Ipif Observed Eγ σL SM Branching Ratio
(keV) Theoretical Experimental
21/2+ → 19/2+ 125.1 M1 0.1893 100 100(15)
E2 1.7501
→ 17/2+ 604.6 E2 0.01591 0.987 33(12)
23/2+1 → 21/2+ 265.0 M1 0.01427 100 100
E2 1.2523
→ 19/2+ E2 0.3379 3.195
23/2+2 → 23/2+1 213.6 M1 0.02193 100 100
E2 0.004194
→ 21/2+ M1 0.001401 76.931
E2 0.1419
→ 19/2+ E2 0.3250 34.621
25/2+ → 23/2+1 342.0 M1 0.01274 100 100(12)
E2 0.1504
→ 23/2+2 129.2 M1 0.4667 187.484 14(9)
E2 2.6450
29/2− → 27/2− 196.5 M1 0.5978 100 100(15)
E2 3.8095
→ 25/2− 116.1 E2 0.1702 0.0149 41(12)
33/2− → 31/2− M1 0.2331 100
E2 2.3467
→ 29/2− 351.5 E2 0.05055 327.170 100
35/2− → 33/2− 1108.8 M1 0.0002213 100 100
E2 0.05091
→ 31/2− E2 0.01130 39.045
Table 7.1: Reduced M1 and E2 transition strengths, in units of 1.79 µ2N for M1
transitions, and 72.74 e2fm4 for E2 transitions, calculated by H. Grawe [102]. These are
used to obtain theoretical branching ratios, which are compared with the experimentally
obtained values. The branching ratio values are normalised to 100 for the strongest
experimentally observed branch.
true for the 21/2+ state, which possesses wavefunction components that contribute no
more than 40% to the total wavefunction. In the case of the 35/2− state, this has been
assigned as a 35/2+ in the comparison between the experimental and theoretical data;
the positive parity state is not used here as E1 transitions are not reliably predicted in
these calculations [102]. The complexity of the wavefunctions associated with the 23/2+1
and 23/2+2 states is very likely to have an affect on these calculations; it is likely that
the 213 keV transition between these states is M1+E2 in nature.
Table 7.2 shows the shell model calculated configurations of states in 207Tl for the t = 1
truncation, for the calculation produced by Grawe [102]. The yrast states found in nuclei
in the nuclei which are adjacent to 208Pb may couple to states within 208Pb. All of the
the configurations, apart from that of the 21/2+ state, have over 75% of their total
wavefunction arising from a single configuration. In the majority of these states, the
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major component of the configuration is due to coupling with the pih−111/2 single-particle
state, apart from in the 21/2+ and 23/2+1 states. Figure 7.10 shows the number of
states in the single particle/hole nuclei around 208Pb which are possible for each spin
and parity, taking into account coupling to states in the 208Pb nucleus. These values
are based on the possible single particle configurations of the states in 208Pb and 207Tl,
as shown in figures 7.3 and 7.4, respectively.
Calculated Energy (keV) Observed Energy (keV) Jpi Configuration %
0 0 12
+
pis−11/2 95.81
396 351 32
+
pid−13/2 96.45
1384 1348 112
−
pih−111/2 95.13
1490 1682 52
+
pid−15/2 90.99
pih−111/2νf
−1
5/2i11/2 2.20
pid−13/2h
−1
11/2h9/2 1.64
pih−111/2νi
−1
13/2j15/2 1.42
4795 3813 172
+
pih−111/2νp
−1
1/2g9/2 80.78
pih−111/2νf
−1
5/2g9/2 5.09
pid−13/2νi
−1
13/2g9/2 4.58
pih−111/2νp
−1
3/2g9/2 3.85
pis−11/2νi
−1
13/2g9/2 2.27
4888 4293 192
+
pih−111/2νp
−1
1/2g9/2 82.39
pih−111/2νf
−1
5/2g9/2 6.31
pid−13/2νi
−1
13/2g9/2 3.11
pis−11/2νi
−1
13/2g9/2 2.35
pih−111/2νp
−1
1/2i11/2 1.56
pih−111/2νp
−1
3/2g9/2 1.21
5023 4418 212
+
pih−111/2νp
−1
1/2g9/2 39.09
pis−11/2νi
−1
13/2g9/2 37.45
pih−111/2νf
−1
5/2g9/2 5.91
pis−11/2h
−1
11/2h9/2 4.17
pid−13/2νi
−1
13/2g9/2 3.75
pih−111/2νp
−1
3/2g9/2 1.57
pih−111/2νp
−1
1/2i11/2 1.40
pid−13/2νh
−1
11/2f7/2 1.21
pid−15/2νi
−1
13/2g9/2 1.02
5233 4683 232
+
pis−11/2νi
−1
13/2g9/2 84.21
pih−111/2νf
−1
5/2g9/2 4.79
Continued on next page
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Table 7.2 – Continued from previous page
Calculated Energy (keV) Observed Energy (keV) Jpi Configuration %
pid−13/2νi
−1
13/2g9/2 4.70
pih−111/2νp
−1
3/2g9/2 4.02
pid−15/2νi
−1
13/2g9/2 1.96
5500 4896 232
+
pih−111/2νf
−1
5/2g9/2 78.73
pid−13/2νi
−1
13/2g9/2 17.90
pid−13/2h
−1
11/2h9/2 1.06
5619 5025 252
+
pih−111/2νf
−1
5/2g9/2 91.71
pid−15/2νi
−1
13/2g9/2 7.16
5971 5523 292
−
pih−111/2νi
−1
13/2g9/2 98.67
5979 5327 272
−
pih−111/2νi
−1
13/2g9/2 99.05
5985 5407 252
−
pih−111/2νi
−1
13/2g9/2 95.13
6176 5875 332
−
pih−111/2νi
−1
13/2g9/2 99.84
7321 6984 352
−
pih−111/2νi
−1
13/2i11/2 100.00
Table 7.2: Shell model calculated configurations of states, and associated percentages,
based on the calculations of Grawe [102]. Only configurations with a contribution of
greater than 1.00% are shown.
Table 7.3 shows the shell model calculated configurations of states in 207Tl for the
t = 1 truncation, for the calculation produced by Brown [103]. As with the equivalent
configurations produced by Grawe, there may be coupling to collective states in 208Pb,
leading to complicated wavefunctions. The single-particle states, with 100% of their
wavefunction originating from a single configuration, are easily seen. These states, in
the calculations by Grawe, do not have these 100% configurations, however. This is
because the calculations produced by Brown do not allow for mixing between single-
particle and three-particle states. All of the the configurations, apart from that of the
17/2+, 21/2+, and 23/2+2 states, have over 75% of their total wavefunction arising from
a single configuration. The 17/2+ state is coupled to the 208Pb 3− state, so a complex
wavefunction is to be expected. In the majority of these states, the major component
of the configuration is due to coupling with the pih−111/2 single-particle state, apart from
in the 23/2+1 and 23/2
+
2 states.
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Calculated Energy (keV) Observed Energy (keV) Jpi Configuration %
0 0 12
+
pis−11/2 100
352 351 32
+
pid−13/2 100
1349 1348 112
−
pih−111/2 100
1684 1682 52
+
pid−15/2 100
3681 3813 172
+
pih−111/2νp
−1
3/2g9/2 15.49
pid−13/2h
−1
11/2h9/2 14.09
pih−111/2νf
−1
5/2i13/2 9.03
pis−11/2h
−1
11/2f7/2 8.87
pih−111/2νi
−1
13/2j15/2 7.51
pih−211/2i13/2 5.45
pih−111/2νf
−1
7/2g9/2 4.34
pih−111/2νf
−1
5/2g9/2 3.47
pih−111/2νh
−1
9/2111/2 3.35
pih−111/2νp
−1
1/2g7/2 3.10
pid−15/2h
−1
11/2f7/2 2.86
pig−17/2h
−1
11/2h9/2 2.84
pih−111/2νf
−1
5/2g7/2 2.60
pis−11/2h
−1
11/2f5/2 2.57
pid−13/2h
−1
11/2f7/2 2.14
pid−13/2h
−1
11/2f5/2 1.43
pih−111/2νp
−1
1/2d5/2 1.17
4496 4293 192
+
pih−111/2νp
−1
1/2g9/2 75.52
pih−111/2νf
−1
5/2g9/2 6.61
pih−111/2νp
−1
1/2i11/2 2.81
pis−11/2h
−1
11/2h9/2 2.42
pid−13/2h
−1
11/2f7/2 2.00
pid−13/2νi
−1
13/2g9/2 1.84
pid−13/2h
−1
11/2h9/2 1.18
4523 4418 212
+
pih−111/2νp
−1
1/2g9/2 52.17
pih−111/2νf
−1
5/2g9/2 8.99
pis−11/2h
−1
11/2h9/2 7.77
pid−13/2h
−1
11/2f7/2 3.89
pid−13/2h
−1
11/2h9/2 3.79
pih−111/2νp
−1
1/2i11/2 3.61
pih−111/2νp
−1
3/2g9/2 3.13
Continued on next page
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Table 7.3 – Continued from previous page
Calculated Energy (keV) Observed Energy (keV) Jpi Configuration %
pis−11/2νi
−1
13/2g9/2 2.40
pih−111/2νf
−1
5/2i11/2 1.83
pis−11/2νf
−1
5/2j15/2 1.36
pih−111/2νp
−1
3/2g7/2 1.15
pih−111/2νi
−1
13/2j15/2 1.13
4880 4683 232
+
pis−11/2νi
−1
13/2g9/2 80.12
pih−111/2νf
−1
5/2g9/2 5.44
pid−13/2νi
−1
13/2g9/2 5.27
pih−111/2νp
−1
3/2g9/2 5.05
pid−15/2νi
−1
13/2g9/2 2.10
pih−111/2νf
−1
7/2g9/2 1.07
5162 4896 232
+
pid−13/2h
−1
11/2h9/2 35.12
pih−111/2νf
−1
5/2g9/2 25.44
pid−13/2νf
−1
5/2j15/2 19.65
pid−13/2νi
−1
13/2i11/2 13.16
pis−11/2νi
−1
13/2i11/2 1.39
pig−17/2νd
−1
3/2i13/2 1.39
5223 5025 252
+
pih−111/2νf
−1
5/2g9/2 90.09
pid−15/2νi
−1
13/2g9/2 6.44
5662 5523 292
−
pih−111/2νi
−1
13/2g9/2 97.06
pih−211/2h9/2 1.48
5669 5407 252
−
pih−111/2νi
−1
13/2g9/2 97.06
5675 5327 272
−
pih−111/2νi
−1
13/2g9/2 98.32
5844 5875 332
−
pih−111/2νi
−1
13/2g9/2 99.63
6838 6984 352
−
pih−111/2νi
−1
13/2i11/2 97.48
pih−111/2νh
−1
9/2j15/2 2.50
Table 7.3: Shell model calculated configurations of states, and associated percentages,
based on the calculations of Brown [103]. Only configurations with a contribution of
greater than 1.00% are shown.
The abbreviated level schemes in figures 7.11, 7.12, 7.13, and 7.14 show the first few
states above the state de-populated by the E3 transition, normalised to this state, and
compared with t = 0 and t = 1 shell model calculation. It’s clear to see in all of these
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Figure 7.10: Number of states in the single nucleon/hole nuclei around 208Pb which
are possible for each spin and parity, calculated by H. Grawe [102].
figures that the single-particle states are much more accurately predicted by the t = 0
truncation, compared to the t = 1 truncation. This does not agree with the conclusion
evident in figure 7.2 [102], wherein for 98Cd single-particle states are better predicted
as the value of t increases, which may be attributed to differences in the model space.
This may be attributed to the single-particle energies coming from the experimentally
obtained values for these nuclei originally.
Figure 7.15 shows a comparison of the t = 1 shell model calculation and the experimen-
tally observed states in 207Tl, normalised such that the first core breaking state of 19/2+
is at the same energy for both level schemes. This shows that the energies of the pre-
dicted states, and of the experimentally observed states are similar for a number of levels,
and the relatively large gap between the 35/2+ and 33/2− levels is replicated in both.
This especially shows the unique correspondence between the theoretical calculations
and the experimentally observed levels.
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Figure 7.11: Comparison of shell model calculations with t=0 and t=1 truncations,
performed by H. Grawe [102], and experimentally obtained levels in 207Tl.
Chapter 7. Interpretation and Discussion 108
Figure 7.12: Comparison of shell model calculations with t=0 and t=1 truncations,
performed by H. Grawe [102], and experimentally obtained levels in 207Pb.
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Figure 7.13: Comparison of shell model calculations with t=0 and t=1 truncations,
performed by H. Grawe [102], and experimentally obtained levels in 209Bi.
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Figure 7.14: Comparison of shell model calculations with t=0 and t=1 truncations,
performed by H. Grawe [102], and experimentally obtained levels in 209Pb.
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Figure 7.15: Comparison of shell model calculations and experimentally obtained
levels in 207Tl, such that the 19/2+ and higher spin states which break the core may
be directly compared.
Chapter 8
Conclusions
As is characteristic of data resulting from deep-inelastic collisions, a great deal of data
has been produced in the form of γ-rays from the reaction products. Analysis of the
single-particle hole nucleus 207Tl allowed a great deal of new information to be found
about this nucleus. The measurement of intensities allowed the expansion of the nuclear
level scheme, while intensity balances, angular correlations and angular distributions
allowed multipolarities of transitions to be suggested. These experimentally obtained
values, combined with two different shell model calculations allowed spins and parities
to be assigned to levels. Also observed have been transitions which have been tentatively
assigned as being due to a second nucleon breaking the core.
8.1 Nuclear Structure
Analysis of this data set concentrated on 207Tl, the single proton-hole nucleus with
one proton less than 208Pb. Nuclear structure in this area is of interest because of the
doubly-magic nature of 208Pb. This results in the octupole vibrational states which
are characteristic of this region of the nuclear chart. In nuclei which possess a single
particle/hole, this manifests in the form of a ∼ 2.5 MeV transition which is E3 in
nature. In order for states above the 17/2+ state, from which the 2465 keV E3 transition
originates, to be populated, breaking of the core must occur.
Previous work found the energies of the four relevant ∼ 2.5 MeV transitions in 207Tl,
207Pb, 209Pb, and 209Bi. By building on what had been found by Rejmund et al., it was
possible to extend the level scheme of 207Tl to a spin of ∼ 45/2 ~. The Gammasphere
detector array is symmetric about its beam axis, so multipolarity assignments could be
found and verified using the angular correlation and angular distribution methods. By
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comparing these results with multipolarities found using intensity balances, and theo-
retical calculations, spin and parity assignments of levels may be given with a high level
of confidence. Shell model calculations, in this instance, only allow for a single particle
to be excited out of the core. Several new transitions have been seen experimentally,
which may have resulted from a second nucleon breaking the core.
Several new γ-ray transitions have been directly observed in 207Tl, with the existence of
a further low-energy transition of 80 keV being inferred, due to coincidences. Multipo-
larities have been calculated using the methods described above for some of these new
transitions.
The work in this thesis has extended what is known about the structure of nuclei in the
vicinity of 208Pb, and has looked into the systematics of the single particle/hole nuclei
by comparing what is currently known in each of these nuclei, and by comparing t=1
truncation shell model calculations for each of these. The level scheme of 207Tl has been
extended from a spin and parity of 19/2+ to ∼ 45/2, with a number of levels observed
placed above this which do not currently have spin and parity assignments. The energy
of the highest level observed has been extended from 4418 keV to 11139 keV.
8.2 Systematics of Nuclei Adjacent to 208Pb
By comparing the systematics of the energies of the excited states of 207,208,209Pb, 207Tl,
and 209Bi, similarities between core-breaking states in these nuclei can be seen. Insight
may be gained by comparison between 207Tl and other nuclei which have a state of a
collective nature due to the octupole coupling of the collective state in 208Pb.
A comparison between the energies of levels above the collective state in these nuclei can
be seen in figure 8.1. The ∼ 2.5 MeV transitions in each of these nuclei are thought to be
due to the coupling of the 3− state in 208Pb, which itself is due to a collective collective
octupole vibration. It is through comparing these yrast states of higher energy than the
17/2+ that similarities in the structure of these nuclei may be easily seen. Above these
E3 transitions, core breaking occurs.
8.3 Future Outlook
One of the limitations of the deep-inelastic collision method with a thick target is the
inherent difficulty in definitively identifying which nucleus a particular transition arises
from, especially in nuclei about which little is known. The cross-coincidence method is
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Figure 8.1: Comparison between the one-nucleon (hole) nuclei in the vicinity of 208Pb.
The nature of the yrast states above the E3 transition, which arises due to collectivity
bringing about a surface vibration of the octupole character of the state, offers an
insight into the similarities between these nuclei.
helpful in this, but is by no means fool-proof. Different research groups have developed
methods for getting around this limitation in different ways.
With regards to the data set used in this thesis, there is still a large amount of data still
to be analysed. For instance, in the 207Pb nucleus, there is some uncertainty regarding
the multipolarity of the transition which was designated E3 by Rejmund et al, as it had
previously been thought to be E1 in nature [37, 49]. As such, C. M. Shand has been
analysing 207Pb using these data, looking into the intensities of the transitions and the
angular distributions.
In order to further augment what is known about 207Tl, being able to increase the
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statistics for the states in which a second nucleon breaks the core would help with mea-
suring the intensities, and being able to perform angular correlations and distributions
on these transitions. Additionally, shell model calculations which utilise the t = 3 trun-
cation would supplement the experimental results. Finally, expansion of level schemes
of nuclei adjacent to 208Pb would also be useful.
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1. Introduction
208Pb is the heaviest known doubly-magic nucleus. Information regard-
ing the spectroscopic properties of neutron-rich nuclei located to the ‘south-
east’ of 208Pb, in the area of the chart of nuclides enclosed by Z ≤ 82
and N ≥ 126, is scarce. The deep-inelastic collisions of a beam and a
target both composed of 208Pb exploit cross-coincidences between reaction
partners, such that yrast states in these relatively unknown nuclei may be
found. It was for this purpose that an experiment was performed at Argonne
National Laboratory, using a thick 208Pb target and a 208Pb beam.
207Tl is a one proton hole nucleus, with its low energy level structure
being dominated by single proton hole states pis−11/2, pid
−1
3/2, and pih
−1
11/2 [1].
Higher energy excited states along the yrast line are formed by breaking the
N = 126 neutron core. In addition, this region is characterised by octupole
vibrational states (e.g. the 3− first excited state in 208Pb is at 2615 keV). It
is expected that the first yrast state above the pih−111/2 11/2
− isomer has a
collective octupole character.
2. Experiment
A 1446 MeV 208Pb beam impinged on a 75 mg/cm2 208Pb thick target.
The beam and target were chosen to maximise the statistics of the nuclei
populated around 208Pb in a deep-inelastic collision. Reaction products are
stopped within the target. The experiment ran for ∼ 168 hours, with an
average beam intensity of ∼ 0.25 pnA. The γ-rays produced were detected
by the GAMMASPHERE array, consisting of ∼ 100 high-purity germanium
(HPGe) detectors, covering a solid angle of nearly 4pi sr. The HPGe detectors
were Compton suppressed using bismuth germanate (BGO) detectors. The
GAMMASPHERE array has an energy resolution of < 2.4 keV at 1.33 MeV,
with a photopeak efficiency of ∼ 10% for the same energy [2]. Tantalum,
cadmium and copper absorbers were placed between the HPGe detectors
and the target chamber in order to reduce the yield of characteristic x-ray
peaks.
There is a natural pulsing of the 208Pb beam, which is due to the funda-
mental frequency of the bunching system. This means that a sub-nanosecond
pulse occurs once every 82.5 ns. The pulses may be deflected. For the prompt
data, no pulses were deflected; for the delayed data, four out of five pulses
were deflected, allowing the detection of isomers with a half-life of the or-
der of magnitude of this period. In 207Tl no delayed transitions have been
observed in these data, so only the prompt data are discussed.
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Deep-inelastic collisions are known to populate yrast and near-yrast
states in the reaction products [3]. Nucleons are exchanged between the
nuclei of the beam and of the target. Neutron evaporation may also occur.
Therefore, deep-inelastic reactions produce two excited nuclei, one of which
is beam-like, while the other is target-like. In the case of this experiment,
both beam-like and target-like nuclei are in the vicinity of 208Pb, thereby im-
proving the statistics in the nuclei of interest in comparison to experiments
which do not use a beam and target of the same material.
3. Results
The level scheme of 209Bi, in comparison to its reaction partner of 207Tl,
is well known [4]. By gating on the known transitions in 209Bi, we can
detect gamma lines corresponding to 207Tl (see Fig. 1). The 2465 keV tran-
sition previously observed by Rejmund et al. in 207Tl depopulates the ex-
pected collective E3 octupole phonon state and it decays into the long-lived,
T1/2 =1.33 s, 11/2− isomeric state at 1348 keV excitation energy [3]. Gating
on the 2465 keV transition, as shown in Fig. 2, several new yrast and near-
yrast transitions in 207Tl can be observed. These transitions can be placed
above the 17/2− state depopulated by the 2465 keV line, and they identify
states in which the neutron core is broken.
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Fig. 1. Spectrum obtained from a γγγ cube by gating on known 209Bi transitions [4],
19/2+ → 15/2+ 246 keV and 19/2(+) → 19/2+ 500 keV, confirming the 2465 keV
transition in 207Tl by cross-coincidence. All other labelled transitions belong to
209Bi.
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Fig. 2. Spectrum gated on the 2465 keV transition in 207Tl, showing transitions
above the 11/2− isomer, as well as transitions in the 209Bi partner nucleus. A num-
ber of new transitions have been seen in 207Tl, and the existance of those seen by
Rejmund et al. can be confirmed [5].
TABLE I
A summary of the higher-intensity peaks associated with 207Tl seen in the 2465 keV-
gated spectrum, with preliminary values for the intensities assigned. The column of
intensities marked with a * are from this work, and are compared with the previous
work [5].
Eγ (keV) Iγ [5] I∗γ
124.6 — 19 (4)
196.5 — 26 (5)
213.4 — 24 (5)
264.7 58 (7) 100 (10)
302.3 40 (6) 56 (6)
342.0 26 (5) 26 (3)
351.4 — 24 (3)
398.6 — 11 (3)
422.5 — 4 (2)
479.5 100 (10) 71 (7)
511.2 30 (5) 40 (4)
604.6 53 (7) 64 (6)
1108.9 19 (5) 31 (4)
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Table I shows a summary of the higher-intensity 207Tl transitions seen
in the 2465 keV-gated spectrum, with preliminary values for the γ-ray in-
tensities. There is also a comparison to the γ-ray intensities deduced by
Rejmund et al. [5].
4. Conclusion
A number of new transitions have been observed in 207Tl, above the
known 11/2− isomeric state. Coincidence relationships as well as intensity
considerations will be used to build the level scheme. A comparison with
shell model calculations will also be undertaken.
This work is supported by the U.S. Department of Energy, Office of Nu-
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Abstract. Deep-inelastic collisions of a 208Pb beam on a 208Pb target were performed us-
ing the ATLAS accelerator at Argonne National Laboratory. The Gammasphere detector
array was used for the detection of prompt and delayed gamma-rays of the reaction prod-
ucts. 207Tl is one proton away from the 208Pb doubly-magic nucleus. Its low-energy level
structure is dominated by the single proton-hole states pis−11/2, pid
−1
3/2, and pih
−1
11/2. The 11/2
−
state is isomeric with T1/2= 1.33(11) s. The reaction partner of 207Tl is 209Bi, which has a
relatively well established level scheme compared to 207Tl. Cross-coincidences between
these two nuclei were used to confirm or establish levels above the 11/2− isomeric state
in 207Tl. These states are obtained via breaking of the neutron core. Angular correlation
analysis was performed on known transitions in 208Pb, proving the applicability of this
method for multipolarity assignment.
1 Introduction
The nuclei in the area to the ’south-east’ of doubly-magic 208Pb have comparatively little known
about their spectroscopic properties [1–4]. The study of this area, enclosed by Z≤82 and N≥126, is
useful for improving current theoretical models, and may also have an impact on understanding the
production of heavy elements in the r-process. An experiment was performed where several of these
nuclei were populated via deep-inelastic collisions.
Here we concentrate on the structure of 207Tl. 207Tl is a one proton-hole nucleus, with a low-
energy level structure dominated by the single proton-hole states pis−11/2, pid
−1
3/2, and pih
−1
11/2. This mass
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region is characterised by the presence of a low-lying octupole vibration of the 208Pb core. For exam-
ple, the first excited state of 208Pb at 2614 keV, has a spin-parity of 3−, and decays via a collective E3
transition to the ground state. In 207Tl, the octupole phonon coupled to the pih−111/2 state forms an yrast
state decaying through a 2465 keV transition, which has an E3 character [5]. Breaking of the N=126
neutron core must occur to observe states of higher spin and energy than this state. Similar states have
been observed in, for example, 206Hg, 209Bi, 207Pb, and 209Pb [1, 6, 7].
2 Experimental Methods
The experiment was performed at Argonne National Laboratory using the ATLAS accelerator,
wherein a beam of 208Pb impinged a thick target of 208Pb. The 208Pb beam had an energy 20%
above the Coulomb barrier (1446 MeV), and the target thickness was 75 mg/cm2. Deep-inelastic
collision was the dominant reaction. The highly excited reaction products emitted γ-rays, which were
detected by the Gammasphere array. More details can be found in reference [8]. All products were
stopped within the target, so Doppler correction is not needed. The beam pulsing was such that a
sub-nanosecond beam pulse occurred once every 82.5 ns, of which four out of five were deflected,
leading to a beam-off period of 412 ns. Preliminary analysis showed no evidence of isomeric states in
this time window in 207Tl, therefore all results presented here are from analysis of the prompt data.
2.1 Deep-Inelastic Collisions
In deep-inelastic collisions, nucleons are exchanged between the nuclei of the beam and the target
such that the resulting target-like nucleus has a number of greater or fewer nucleons, and vice versa
for the beam-like reaction partner nucleus. This leads to cross-coincidences in reaction partners, such
that transitions from one nucleus are in coincidence with those from the other [9]. For instance, the
nucleus of interest in this paper, 207Tl, has one less proton than 208Pb, while its reaction partner, 209Bi,
has one more proton than 208Pb. Neutron evaporation may also occur, consequently a nucleus may
have more than one reaction partner. Deep-inelastic collisions populate yrast and near-yrast states
preferentially.
2.2 Angular Correlations
The use of γ-ray angular correlations to assign spins and multipolarities is well documented, see,
for example, references [10–12]. The angular correlation of two γ-rays is described by the following
equation:
W(θ) = 1 + A22P2(cosθ) + A44P4(cosθ) (1)
where θ is the angle between the two detected γ-rays, and P2 and P4 are Legendre polynomials. The
Akk coefficients can be caluclated using the tables in reference [13].
3 Results
Cross coincidences between 207Tl and 209Bi were used to identify transitions in 207Tl by gating on
the well-known transitions in the reaction partner. A spectrum gated on known transitions in 209Bi,
246 keV and 500 keV, is shown in Figure 1. The known transitions in 207Tl [5, 6], such as the 2465 keV
E3 transition, as well as several transitions identified for the first time in this experiment, are visible in
the spectrum. The transition energies and intensities are listed in reference [8]. The majority of these
transitions originate from excited states produced via core excitations.
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Figure 1. Spectra obtained from a γγγ cube, the upper panel spectrum being obtained by gating on 246 keV
and 500 keV, which are known transition in 209Bi. The inset shows the region between 2400 keV and 2800 keV,
such that the 2465 keV peak from the 207Tl reaction partner is visible. The spectrum of the lower panel was
obtained by gating on this 2465 keV transition. Highlighted are transtions from either of these, clearly showing
cross-coincidences in reaction partners.
The multipolarities of these transitions will be determined from angular correlations. The tech-
nique was tested on well-known and high-intensity γ-rays in 208Pb. The original orientation of the
nuclei as produced in the reaction was neglected, and it was assumed that intermediate transitions do
not have a significant effect on the angular correlation. Preliminary results are shown for two cases
in Figure 2. These results show that the 1413 keV transition has E3 character, while the 583 keV
transition is E2 in nature. This confirms the previously established multipolarities [14], and also that
the two assumptions listed above are valid.
4 Conclusion
Several transitions in the single-proton hole nucleus 207Tl have been identified, allowing the level
scheme to be extended to higher spins and energies. Coincidence relationships and intensity balances
are being considered in building the level scheme. Angular correlations analysis, and comparisons
with shell model calculations, will aid spin-parity assignments.
This work is supported by the US Department of Energy, Office of Nuclear Physics, under Contract
No. DE-AC02-06CH11357, and by the Science and Technology Facilities Council (STFC), UK. The
contributions of the Argonne National Laboratory technical staff are gratefully acknowledged.
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presentation)
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presentation)
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Institute of Physics Nuclear Physics Conference, University of Brighton, UK, April
2012.
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8. “Exotic nuclei in the vicinity of 208Pb” (Oral presentation)
STFC Nuclear Physics Summer School, University of St Andrews, UK, September
2011.
Appendix D
Target Composition
Showing the isotropic analysis results of the targets.
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Figure D.1: The spectroscopic analysis of the target.
Appendix E
Data Sorting Codes
E.1 PPP Sort Codes
The UserDeclare.h code, which defined the timing conditions for the PPP sort.
Float_t a_tcal [111]={0.0} , b_tcal [111]={1.0};
#if(1)
#define TLOP 4500
#define THIP 4610
#define TLOD 3960
#define THID 4450
#define DTLOD 160
#define DTHID 610
#define DTP 120
Int_t ehiP [32], ehiD [32];
Float_t tgeP [32], tgeD [32];
Int_t ge_clean;
Int_t geokP ,geokD;
TH2F *ggmatrix;
TH2F *et;
Int_t elist [3];
Int_t dtij ,dtik ,dtjk;
Int_t dtmask [8192]={0};
TCutG *etcut;
etcut = rd2dwin2("etcut","etcut2");
#endif
The UserEv.h code for the PPP sort, which defines good events.
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#if(1)
geokP =0;
geokD =0;
if(hdr.len_clean >32) ge_clean =32;
else ge_clean=hdr.len_clean;
for(i=0; i<ge_clean; i++){
et->Fill(ev[i].ehi ,ev[i].tge);
if(etcut ->IsInside(ev[i].ehi ,ev[i].tge)){
//if(ev[i].tge >TLOP && ev[i].tge <THIP && ev[i].ehi >10){
ehiP[geokP]=ev[i].ehi;
tgeP[geokP ]=( float)ev[i].tge*b_tcal[ev[i].id]+ a_tcal[ev[i].id];
geokP ++;
}
if(ev[i].tge >TLOD && ev[i].tge <THID && ev[i].ehi >10){
ehiD[geokD]=ev[i].ehi;
tgeD[geokD ]=( float)ev[i].tge*b_tcal[ev[i].id]+ a_tcal[ev[i].id];
geokD ++;
}
}
// PPP
#if(1)
if(geokP >=3)
for(i=0;i<geokP -1;i++)
for(j=i+1;j<geokP;j++){
ggmatrix ->Fill(ehiP[i]*0.333333 , ehiP[j]*0.333333);
ggmatrix ->Fill(ehiP[j]*0.333333 , ehiP[i]*0.333333);
for(k=j+1;k<geokP;k++){
elist [0]= ehiP[i];
elist [1]= ehiP[j];
elist [2]= ehiP[k];
if (incub(elist )==3){
printf("\n Scratch File full ...\n");
dscr ();
rewind(scrfile );
gd.numscr = 0;
}
}
}
#endif
// PPD
#if(0)
if(geokP >=2 && geokD >=1)
for(i=0;i<geokD;i++)
for(j=0;j<geokP -1;j++)
for(k=j+1;k<geokP;k++){
dtij=(int)(tgeD[i]-tgeP[j])+4096;
dtik=(int)(tgeD[i]-tgeP[k])+4096;
dtjk=(int)(tgeP[j]-tgeP[k])+4096;
if(dtmask[dtij ]==2 && dtmask[dtik ]==2 && dtmask[dtjk ]==1){
elist [0]= ehiD[i];
elist [1]= ehiP[j];
elist [2]= ehiP[k];
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if (incub(elist )==3){
printf("\n Scratch File full ...\n");
dscr ();
rewind(scrfile );
gd.numscr = 0;
}
}
}
#endif
// PDD
#if(0)
if(geokD >=2 && geokP >=1)
for(i=0;i<geokP;i++)
for(j=0;j<geokD -1;j++)
for(k=j+1;k<geokD;k++){
dtij=(int)(tgeP[i]-tgeD[j])+4096;
dtik=(int)(tgeP[i]-tgeD[k])+4096;
dtjk=(int)(tgeD[j]-tgeD[k])+4096;
if(dtmask[dtij ]==2 && dtmask[dtik ]==2 && dtmask[dtjk ]==1){
elist [0]= ehiD[i];
elist [1]= ehiP[j];
elist [2]= ehiP[k];
if (incub(elist )==3){
printf("\n Scratch File full ...\n");
dscr ();
rewind(scrfile );
gd.numscr = 0;
}
}
}
#endif
// DDD
#if(0)
if(geokD >=3)
for(i=0;i<geokD -1;i++)
for(j=i+1;j<geokD;j++){
ggmatrix ->Fill(ehiD[i]*0.333333 , ehiD[j]*0.333333);
ggmatrix ->Fill(ehiD[j]*0.333333 , ehiD[i]*0.333333);
for(k=j+1;k<geokD;k++){
dtij=(int)(tgeD[i]-tgeD[j])+4096;
dtik=(int)(tgeD[i]-tgeD[k])+4096;
dtjk=(int)(tgeD[j]-tgeD[k])+4096;
if(dtmask[dtij ]==1 && dtmask[dtik ]==1 && dtmask[dtjk ]==1){
elist [0]= ehiD[i];
elist [1]= ehi1[j];
elist [2]= ehi1[k];
if (incub(elist )==3){
printf("\n Scratch File full ...\n");
dscr ();
rewind(scrfile );
gd.numscr = 0;
}
}
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}
}
#endif
#endif
The UserInit.h code for the PPP sort, which replays the data.
#include <tcal.h>
#if(1)
j = 0;
j = setupreplay ();
if(j != 1 ) {
printf("\nError in setting up replay! Wrong %d",j);
exit (-1);
}
for(i=-DTP;i<=DTP;i++) dtmask [4096+i]=1;
for(i=-DTHID;i<=-DTLOD;i++) dtmask [4096+i]=2;
for(i=DTLOD;i<=DTHID;i++) dtmask [4096+i]=2;
sprintf(str1 ,"gg");
sprintf(str2 ,"gg");
ggmatrix = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"et");
sprintf(str2 ,"et");
et = mkTH2F(str1 ,str2 ,4096 ,0 ,12288 ,4096 ,0 ,8192);
#endif
E.2 Angular Correlation Sort Codes
The UserDeclare.h code for the angular correlation matrices.
#define TLOP 4500 // prompt time window
#define THIP 4610
#define TLOD1 3350 // first delayed time window
#define THID1 3810 // [for "short delayed", try 3900 -3990]
#define TLOD2 2620 // second delayed time window
#define THID2 3160
#define DeltaT 90 // max chan diff between delayed gammas (90 chs =50 ns)
#define numP 2 // change to # of required prompt gammas in double
Int_t numD; // # delayed gammas in double (numP + numD = 2)
Int_t ge_clean;
Int_t ehiP [100] , ehiD [100];
Int_t tgeP [100] , tgeD [100];
Int_t geidP [100] , geidD [100];
Int_t geokP , geokD;
Int_t D2corr; // added for gsfma266
float rannum;
int sortmode;
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//
int delta [901];
double a_ang ,b_ang ,c_ang ,d_ang;
double rad=M_PI /180.0;
float egam1 ,egam2;
int angular;
TH2F *ggd [13];
//
bool rej_ehi [111];
TH1D *ehi008adj , *tge009adj , *tge042adj; // specific to gsfma291a ,b
TH1D *tge019adj , *tge021adj , *tge055adj , *tge105adj; // specific to gsfma291a ,b
for(i=0;i <901;i++) delta[i]=0;
#include "delta.h"
The UserEv.h code for the angular correlation sort.
rannum = float ((( rand ()%10000) -5000)/10000.);
geokP =0;
geokD =0;
D2corr =0;
if(hdr.len_clean >99) ge_clean =99;
else ge_clean=hdr.len_clean;
for(i=0; i<ge_clean; i++){
// --- t corrections and warnings for gsfma291a ,b ( consistent throughout run ): ---
// Ge #9 is stretched , R1 and R2 shifted to the left; P and D2 OK , D1 needs adj.
if(ev[i].id==9){ // need TLOD1 =3360
if(abs(ev[i].tge -3355) <5){ // don ’t accept t between 3350 and 3360
ev[i].tge = 0;
}
tge009adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// Ge #19 is compressed , R1 and R2 shifted to the right; P OK , D1 -2 need adj.
if(ev[i].id ==19){ // need TLOD1 =3380 , TLOD2 =2760
if(abs(ev[i].tge -3365) <15){ // don ’t accept t between 3350 and 3380
ev[i].tge = 0;
}
else if(abs(ev[i].tge -2690) <70){ // don ’t accept t between 2620 and 2760
ev[i].tge = 0;
}
tge019adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// Ge #21 is stretched , R1 and R2 shifted to the left; P and D1 OK , D2 needs adj.
else if(ev[i].id ==21){ // need THID2 =3120
if(abs(ev[i].tge -3140) <20){ // don ’t accept t between 3120 and 3160
ev[i].tge = 0;
}
tge021adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// Ge #42 OK for P, unusable for D.
else if(ev[i].id ==42){ // throw out all D1 -2; but keep Ge for mixed P-D cubes
if(ev[i].tge <3940){ // don ’t accept t in D regions at all
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ev[i].tge = 0;
}
tge042adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// Ge #55 is compressed , R1 and R2 shifted to the right; P OK , D1 -2 need adj.
else if(ev[i].id ==55){
if(abs(ev[i].tge -3380) <30){ // don ’t accept t between 3350 and 3410
ev[i].tge = 0;
}
else if(abs(ev[i].tge -2665) <45){ // don ’t accept t between 2620 and 2710
ev[i].tge = 0;
}
tge055adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// Ge #105 has worse t res ’n, R1 gone (?!); P, D1 -2 OK in 291a, D2 needs adj. in 291b
else if(ev[i].id ==105){
if(abs(ev[i].tge -2650) <30){ // don ’t accept t between 2620 and 2680
ev[i].tge = 0;
}
tge105adj ->Fill(ev[i].tge); // sanity -check spectrum
}
// --- E corrections and warnings for gsfma291a: ---
// No significant gain drifts , only bad resolution for Ge #11, 15, 64.
// --- E corrections and warnings for gsfma291b: ---
// Ge #64 still bad , joined by #77 for much of the run , and #83 ,93 for part.
// Ge #8 drifted. There were other drifts and bad resolutions , but not enough
// to warrant worrying about here.
// Ge #8 needs recalib for essentially all files:
if(ev[i].id==8){
ev[i].ehi = int (1.000509*( ev[i].ehi+rannum) + 0.650); // correction , in channels
ehi008adj ->Fill(ev[i].ehi); // sanity -check spectrum
}
// * * * End of t and E corrections * * *
// count how many prompt and delayed gammas we have
if(ev[i].ehi >10){
if(! rej_ehi[ev[i].id]){ // skip Ge if flag is set
if(ev[i].tge >TLOP && ev[i].tge <THIP){
ehiP[geokP]=ev[i].ehi;
tgeP[geokP]=ev[i].tge;
geidP[geokP ]=ev[i].id;
geokP ++;
}
else if((ev[i].tge >TLOD1 && ev[i].tge <THID1) ||
(ev[i].tge >(TLOD2+D2corr) && ev[i].tge <( THID2+D2corr ))){
ehiD[geokD]=ev[i].ehi;
tgeD[geokD]=ev[i].tge;
geidD[geokD ]=ev[i].id;
geokD ++;
}
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} // endif reject if flag is set
}
} // end i loop over gammas
if(geokP >=numP && geokD >=numD){ // satisfy min P and D gamma requirements
switch(numD){ // fill matrices according to # prompt/delayed gammas
case 0: // PP
for(i=0;i<geokP -1;i++)
for(j=i+1;j<geokP;j++){
egam1=( float)ehiP[i]*0.33333333;
egam2=( float)ehiP[j]*0.33333333;
a_ang=cos(( anglephi[geidP[i]]-anglephi[geidP[j]])* rad);
b_ang=sin(angle[geidP[i]]* rad)*sin(angle[geidP[j]]*rad);
c_ang=cos(angle[geidP[i]]* rad)*cos(angle[geidP[j]]*rad);
d_ang=a_ang*b_ang+c_ang;
angular =(int)(acos(d_ang)/rad *10.0);
if(angular >=900) angular =1800 - angular;
if(delta[angular ]>0){
ggd[delta[angular]-1]->Fill(egam1 ,egam2);
ggd[delta[angular]-1]->Fill(egam2 ,egam1);
}
}
break;
case 1: // PD , not symmetrized ! x=prompt , y=delayed
for(i=0;i<geokP;i++)
for(j=0;j<geokD;j++){
egam1=( float)ehiP[i]*0.33333333;
egam2=( float)ehiD[j]*0.33333333;
a_ang=cos(( anglephi[geidP[i]]-anglephi[geidD[j]])* rad);
b_ang=sin(angle[geidP[i]]* rad)*sin(angle[geidD[j]]*rad);
c_ang=cos(angle[geidP[i]]* rad)*cos(angle[geidD[j]]*rad);
d_ang=a_ang*b_ang+c_ang;
angular =(int)(acos(d_ang)/rad *10.0);
if(angular >=900) angular =1800 - angular;
if(delta[angular ]>0){
ggd[delta[angular]-1]->Fill(egam1 ,egam2);
// ggd[delta[angular ]-1]-> Fill(egam2 ,egam1 );
}
}
break;
case 2: // DD
for(i=0;i<geokD -1;i++)
for(j=i+1;j<geokD;j++){
if(abs(tgeD[j]-tgeD[i]) > DeltaT) continue; // must be w/in DeltaT
egam1=( float)ehiD[i]*0.33333333;
egam2=( float)ehiD[j]*0.33333333;
a_ang=cos(( anglephi[geidD[i]]-anglephi[geidD[j]])* rad);
b_ang=sin(angle[geidD[i]]* rad)*sin(angle[geidD[j]]*rad);
c_ang=cos(angle[geidD[i]]* rad)*cos(angle[geidD[j]]*rad);
d_ang=a_ang*b_ang+c_ang;
angular =(int)(acos(d_ang)/rad *10.0);
if(angular >=900) angular =1800 - angular;
if(delta[angular ]>0){
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ggd[delta[angular]-1]->Fill(egam1 ,egam2);
ggd[delta[angular]-1]->Fill(egam2 ,egam1);
}
}
break;
} // end switch for filling matrices
} // endif sufficient # P and/or D gammas
The UserInit.h code for the angular correlation sort:
/* fscanf(stdin ,"%i",& sortmode );
fprintf(stdout ," Sort mode: %i\n",sortmode );*/
numD = 2 - numP; // P/D constraint for doubles --don ’t change
/* for(i=0; i <111; i++) rej_ehi[i] = 0;
// gsfma291a ,b-specific:
// rej_ehi [42] = 1; // Reject only from D region -> do in UserEv.h
switch(sortmode ){
case 1: // r100 -107 ( ’291a)
rej_ehi [11] = 1; // Reject for all of 291a; keep for all of 291b
rej_ehi [15] = 1; // Reject only for r100 -107 (291a)
rej_ehi [64] = 1; // Reject for all of 291a,b
fprintf(stdout ," Reject Ge# 11 ,15 ,64\n\n");
break;
case 2: // r108 -412 ( ’291a)
rej_ehi [11] = 1; // Reject for all of 291a; keep for all of 291b
rej_ehi [64] = 1; // Reject for all of 291a,b
fprintf(stdout ," Reject Ge# 11 ,64\n\n");
break;
case 3: // r1000 -1500 ,1700 -1712 ( ’291b)
rej_ehi [64] = 1; // Reject for all of 291a,b
rej_ehi [77] = 1; // Reject for r1000 -1500 , r1700 -1712 (291b)
fprintf(stdout ," Reject Ge# 64 ,77\n\n");
break;
case 4: // r1501 -1600 ( ’291b)
rej_ehi [64] = 1; // Reject for all of 291a,b
fprintf(stdout ," Reject Ge# 64\n\n");
break;
case 5: // r1713 -1723 ( ’291b)
rej_ehi [64] = 1; // Reject for all of 291a,b
rej_ehi [93] = 1; // Reject for r1713 -1726 (291b)
fprintf(stdout ," Reject Ge# 64 ,93\n\n");
break;
case 6: // r1724 -1726 ( ’291b)
rej_ehi [64] = 1; // Reject for all of 291a,b
rej_ehi [83] = 1; // Reject for r1724 -1734 (291b)
rej_ehi [93] = 1; // Reject for r1713 -1726 (291b)
fprintf(stdout ," Reject Ge# 64 ,83 ,93\n\n");
break;
case 7: // r1727 -1734 ( ’291b)
rej_ehi [64] = 1; // Reject for all of 291a,b
rej_ehi [83] = 1; // Reject for r1724 -1734 (291b)
fprintf(stdout ," Reject Ge# 64 ,83\n\n");
break;
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default: // not a valid mode ??
fprintf(stdout ," Nothing .\n\n");
break; // do nothing
} */
for(i=0;i<13;i++){
sprintf(str1 ,"ggd %2.2i",i+1);
sprintf(str2 ,"ggd %2.2i",i+1);
ggd[i] = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
}
// specific to gsfma291a ,b
sprintf(str ,"ehi008adj");
ehi008adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge009adj");
tge009adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge019adj");
tge019adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge021adj");
tge021adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge042adj");
tge042adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge055adj");
tge055adj = mkTH1D(str ,str ,8192 ,0 ,8192);
sprintf(str ,"tge105adj");
tge105adj = mkTH1D(str ,str ,8192 ,0 ,8192);
E.3 Angular Distribution Sort Codes
The UserDeclare.h code for the angular distribution matrices.
#define TLOP 3850
#define THIP 4040
Int_t ehiP [32];
Int_t ge_clean;
Int_t geokP;
TH2F *ggmatrix;
Int_t elist [3];
TH1D *newsumge;
TH2F *ggprside;
TH2F *sideid , *sideid1;
TH2F *ggdco1 , *ggdco2 , *ggdco3 , *ggdco4 , *ggdco5 , *ggdco6 , *ggdco7 , *ggdco8;
TH2F *ggdco11 , *ggdco12 , *ggdco13 , *ggdco14 , *ggdco15 , *ggdco16 , *ggdco17;
TH2F *polar1 , *polar2 , *polar3 , *polar4 , *polar5 , *polar6;
TH2F *polar1b , *polar2b , *polar3b , *polar4b , *polar5b , *polar6b;
TH2F *polar_80 , *polar_90;
int tgelow =3850, tgehi =4040;
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int glow [3] = {388, 1075, 1448};
int ghigh [3] = {392, 1088, 1463};
int bllow [3] = {381, 1066, 1439};
int blhigh [3] = {385, 1072, 1446};
int brlow [3] = {1, 1091, 1465};
int brhigh [3] = {1, 1097, 1472};
The UserEv.h code for the angular distribution sort.
if (PEv[GAMMASPHERE ]. filled)
for (j = 0; j < hdr.len_clean; j++)
if (ev[j].id >= 1)
{
newsumge ->Fill(ev[j].ehi *0.333333);
}
geokP =0;
if(hdr.len_clean >32) ge_clean =32;
else ge_clean=hdr.len_clean;
for(i=0; i<ge_clean; i++)
if(ev[i].tge >TLOP && ev[i].tge <THIP && ev[i].ehi >10){
ehiP[geokP]=ev[i].ehi;
geokP ++;
}
if(geokP >=3)
for(i=0;i<geokP -1;i++)
for(j=i+1;j<geokP;j++){
ggmatrix ->Fill(ehiP[i]*0.333333 , ehiP[j]*0.333333);
ggmatrix ->Fill(ehiP[j]*0.333333 , ehiP[i]*0.333333);
for(k=j+1;k<geokP;k++){
elist [0]= ehiP[i];
elist [1]= ehiP[j];
elist [2]= ehiP[k];
if (incub(elist)==3){
printf("\n Scratch File full ...\n");
dscr();
rewind(scrfile);
gd.numscr = 0;
}
}
}
float esi1 , esi2 , ehi0;
// double loop over clean Ge
// 1st gamma
for (i = 0; i < hdr.len_clean; i++)
// only prompt , honey comb suppressed events
if (ev[i].tge >tgelow && ev[i].tge <tgehi && ev[i].pu==0 && ev[i].hs==0 )
{
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// ehi Doppler correction
if (ev[i].ehi !=0) {
ratio=esi1/ev[i].ehi *1.25;}
else {
ratio =0;
}
if ((ratio <0.08) &&(ev[i].ehi >75.0)) {
ehi1=(ev[i].ehi+gRandom ->Rndm() -0.5)*dopcorr[ev[i].id][3];
}
else
{
if ((ratio >=0.92) &&(ev[i].ehi >75.0)) {
ehi1=(ev[i].ehi+gRandom ->Rndm() -0.5)*dopcorr[ev[i].id][2];
}
else
{
ehi1=(ev[i].ehi+gRandom ->Rndm() -0.5)*dopcorr[ev[i].id][1];
}
}
// eside calibration and Doppler
esi1=side_gain[ev[i].id]* dopcorr[ev[i].id ][1]*( gRandom ->Rndm() -0.5+ev[i].eside)
+side_off[ev[i].id];
sideid ->Fill(esi1 ,ev[i].id);
sideid1 ->Fill(ev[i].eside ,ev[i].id);
switch (ev[i].id){
case 1: case 2: case 3: case 4: case 6:
case 105: case 107: case 108: case 109: case 110: break;
case 5: case 7: case 8: case 9: case 10:
case 101: case 102: case 103: case 104: case 106: break;
case 11: case 12: case 13: case 14: case 16:
case 95: case 97: case 98: case 99: case 100: break;
case 15: case 17: case 18: case 19: case 20:
case 21: case 22: case 23: case 24: case 26:
case 85: case 87: case 88: case 89: case 90:
case 91: case 92: case 93: case 94: case 96: break;
case 25: case 27: case 28: case 30: case 32:
case 79: case 81: case 83: case 84: case 86: break;
case 29: case 31: case 33: case 34: case 35:
case 36: case 37: case 38: case 40: case 42:
case 69: case 71: case 73: case 74: case 75:
case 76: case 77: case 78: case 80: case 82: break;
case 39: case 41: case 43: case 44: case 45:
case 46: case 47: case 48: case 50: case 52:
case 59: case 61: case 63: case 64: case 65:
case 66: case 67: case 68: case 70: case 72: polar_80 ->Fill(ehi1 ,esi1);
break;
case 49: case 51: case 53: case 54: case 55:
case 56: case 57: case 58: case 60: case 62: polar_90 ->Fill(ehi1 ,esi1);
break;
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}
// 2nd gamma
for (j = 0; j < hdr.len_clean; j++)
{
// only prompt , honey comb suppressed events
if (ev[j].tge >tgelow && ev[j].tge <tgehi && ev[j].pu==0 && ev[j].hs==0 && i!=j)
{
// eside calibration and Doppler
esi2=side_gain[ev[j].id]* dopcorr[ev[j].id ][1]*( gRandom ->Rndm() -0.5+ev[j].
eside)+side_off[ev[j].id];
// ehi Doppler
if (ev[j].ehi !=0) {
ratio=esi2/ev[j].ehi *1.25;}
else {
ratio =0;
}
// prompt gg matrix
ggprside ->Fill(ev[i].ehi*1/3,ev[j].ehi *1/3);
ggprside ->Fill(ev[j].ehi*1/3,ev[i].ehi *1/3);
// sge spectra
// newsumge ->Fill(ev[j].ehi , ACFac[ev[j].id]);
// ggprside ->Fill(ehi1 ,ehi2);
// all gammas vs one angle
// ehi vs eside for 90 and 100/80 ( polarization )
switch (ev[j].id){
case 1: case 2: case 3: case 4: case 6: ggdco11 ->Fill(ev[i].ehi *0.333333 ,ev[
j].ehi *0.333333); break;
case 105: case 107: case 108: case 109: case 110: ggdco1 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 5: case 7: case 8: case 9: case 10: ggdco12 ->Fill(ev[i].ehi *0.333333 , ev
[j].ehi *0.333333); break;
case 101: case 102: case 103: case 104: case 106: ggdco2 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 11: case 12: case 13: case 14: case 16: ggdco13 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 95: case 97: case 98: case 99: case 100: ggdco3 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 15: case 17: case 18: case 19: case 20:
case 21: case 22: case 23: case 24: case 26: ggdco14 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 85: case 87: case 88: case 89: case 90:
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case 91: case 92: case 93: case 94: case 96: ggdco4 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 25: case 27: case 28: case 30: case 32: ggdco15 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 79: case 81: case 83: case 84: case 86: ggdco5 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 29: case 31: case 33: case 34: case 35:
case 36: case 37: case 38: case 40: case 42: ggdco16 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 69: case 71: case 73: case 74: case 75:
case 76: case 77: case 78: case 80: case 82: ggdco6 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 39: case 41: case 43: case 44: case 45:
case 46: case 47: case 48: case 50: case 52: ggdco17 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333); break;
case 59: case 61: case 63: case 64: case 65:
case 66: case 67: case 68: case 70: case 72: ggdco7 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333);
if ((ehi1 >glow [0]) && (ehi1 <ghigh [0]))
{polar1 ->Fill(ehi2 ,esi2);}
if ((ehi1 >bllow [0]) && (ehi1 <blhigh [0]))
{polar1b ->Fill(ehi2 ,esi2);}
if ((ehi1 >glow [1]) && (ehi1 <ghigh [1]))
{polar2 ->Fill(ehi2 ,esi2);}
if (((ehi1 >bllow [1]) && (ehi1 <blhigh [1])) || ((ehi1 >brlow [1]) && (ehi1
<brhigh [1])))
{polar2b ->Fill(ehi2 ,esi2);}
if ((ehi1 >glow [2]) && (ehi1 <ghigh [2]))
{polar3 ->Fill(ehi2 ,esi2);}
if (((ehi1 >bllow [2]) && (ehi1 <blhigh [2])) || ((ehi1 >brlow [2]) && (ehi1
<brhigh [2])))
{polar3b ->Fill(ehi2 ,esi2);}
// polar_80 ->Fill(ehi2 ,esi2);
break;
case 49: case 51: case 53: case 54: case 55:
case 56: case 57: case 58: case 60: case 62: ggdco8 ->Fill(ev[i].ehi
*0.333333 ,ev[j].ehi *0.333333);
if ((ehi1 >glow [0]) && (ehi1 <ghigh [0]))
{polar4 ->Fill(ehi2 ,esi2);}
else
{
if ((ehi1 >bllow [0]) && (ehi1 <blhigh [0]))
{polar4b ->Fill(ehi2 ,esi2);}
else
{
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if ((ehi1 >glow [1]) && (ehi1 <ghigh [1]))
{polar5 ->Fill(ehi2 ,esi2);}
else
{
if (((ehi1 >bllow [1]) && (ehi1 <blhigh [1])) || ((ehi1 >brlow [1]) && (ehi1
<brhigh [1])))
{polar5b ->Fill(ehi2 ,esi2);}
else
{
if ((ehi1 >glow [2]) && (ehi1 <ghigh [2]))
{polar6 ->Fill(ehi2 ,esi2);}
else
{
if (((ehi1 >bllow [2]) && (ehi1 <blhigh [2])) || ((ehi1 >brlow [2]) && (ehi1 <
brhigh [2])))
{polar6b ->Fill(ehi2 ,esi2);}
}
}
}
}
}
// polar_90 ->Fill(ehi2 ,esi2);
break;
}
}
}
}
The UserInit.h code for the angular correlation sort:
j = 0;
j = setupreplay ();
if(j != 1 ) {
printf("\nError in setting up replay! Wrong %d",j);
exit (-1);
}
sprintf(str1 ,"newsumge");
sprintf(str2 ,"newsumge");
newsumge = mkTH1D(str1 ,str2 ,4096 ,0 ,4096);
sprintf(str1 ,"PP");
sprintf(str2 ,"PP");
ggmatrix = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggprside");
sprintf(str2 ,"ggprside");
if (ggprside ==NULL) ggprside = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"sideid");
sprintf(str2 ,"sideid");
if (sideid ==NULL) sideid = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,200 ,0 ,200);
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sprintf(str1 ,"sideid1");
sprintf(str2 ,"sideid1");
if (sideid1 ==NULL) sideid1 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,200 ,0 ,200);
sprintf(str1 ,"ggdco1");
sprintf(str2 ,"ggdco1");
if (ggdco1 ==NULL) ggdco1 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco2");
sprintf(str2 ,"ggdco2");
if (ggdco2 ==NULL) ggdco2 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco3");
sprintf(str2 ,"ggdco3");
if (ggdco3 ==NULL) ggdco3 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096)
sprintf(str1 ,"ggdco4");
sprintf(str2 ,"ggdco4");
if (ggdco4 ==NULL) ggdco4 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco5");
sprintf(str2 ,"ggdco5");
if (ggdco5 ==NULL) ggdco5 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco6");
sprintf(str2 ,"ggdco6");
if (ggdco6 ==NULL) ggdco6 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco7");
sprintf(str2 ,"ggdco7");
if (ggdco7 ==NULL) ggdco7 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco8");
sprintf(str2 ,"ggdco8");
if (ggdco8 ==NULL) ggdco8 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
// sprintf(str1 ," ggdco9 ");
// sprintf(str2 ," ggdco9 ");
//if (ggdco8 == NULL) ggdco9 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
// sprintf(str1 ," ggdco10 ");
// sprintf(str2 ," ggdco10 ");
//if (ggdco8 == NULL) ggdco10 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco11");
sprintf(str2 ,"ggdco11");
if (ggdco11 ==NULL) ggdco11 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco12");
sprintf(str2 ,"ggdco12");
if (ggdco12 ==NULL) ggdco12 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco13");
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sprintf(str2 ,"ggdco13");
if (ggdco13 ==NULL) ggdco13 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco14");
sprintf(str2 ,"ggdco14");
if (ggdco14 ==NULL) ggdco14 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco15");
sprintf(str2 ,"ggdco15");
if (ggdco15 ==NULL) ggdco15 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco16");
sprintf(str2 ,"ggdco16");
if (ggdco16 ==NULL) ggdco16 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"ggdco17");
sprintf(str2 ,"ggdco17");
if (ggdco17 ==NULL) ggdco17 = mkTH2F(str1 ,str2 ,4096 ,0 ,4096 ,4096 ,0 ,4096);
sprintf(str1 ,"polar1");
sprintf(str2 ,"polar1");
if (polar1 ==NULL) polar1 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar2");
sprintf(str2 ,"polar2");
if (polar2 ==NULL) polar2 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar3");
sprintf(str2 ,"polar3");
if (polar3 ==NULL) polar3 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar1b");
sprintf(str2 ,"polar1b");
if (polar1b ==NULL) polar1b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar2b");
sprintf(str2 ,"polar2b");
if (polar2b ==NULL) polar2b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar3b");
sprintf(str2 ,"polar3b");
if (polar3b ==NULL) polar3b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar4");
sprintf(str2 ,"polar4");
if (polar4 ==NULL) polar4 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar5");
sprintf(str2 ,"polar5");
if (polar5 ==NULL) polar5 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar6");
sprintf(str2 ,"polar6");
if (polar6 ==NULL) polar6 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
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sprintf(str1 ,"polar4b");
sprintf(str2 ,"polar4b");
if (polar4b ==NULL) polar4b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar5b");
sprintf(str2 ,"polar5b");
if (polar5b ==NULL) polar5b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar6b");
sprintf(str2 ,"polar6b");
if (polar6b ==NULL) polar6b = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar_80");
sprintf(str2 ,"polar_80");
if (polar_80 ==NULL) polar_80 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
sprintf(str1 ,"polar_90");
sprintf(str2 ,"polar_90");
if (polar_90 ==NULL) polar_90 = mkTH2F(str1 ,str2 ,3000 ,0 ,3000 ,3000 ,0 ,3000);
// Doppler correction including the side channel info
float dopcorr[NGE ][3];
float vc = 0.0119;
// float vc = 0.0;
float ratio;
float ehi1 , ehi2;
float gamma;
/*
float side_on[NGE] = { 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, // 1-10
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, // 11 -20
0, 0, 0, 0,-1, 0,-1, 1, 1, 1, // 21 -30
1, 1,-1, 1,-1, 1, 1, 1, 1, 1, // 31 -40
1, 1, 1, 1, 0, 1, 1, 1, 1, 1, // 41 -50
1, 1, 0, 1, 0, 1, 1, 0, 1, 1, // 51 -60
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, // 61 -70
1, 1, 0,-1, 0,-1, 1, 1, 0, 1, // 71 -80
1, 1, 1, 1, 0, 1, 0, 1, 0, 0, // 81 -90
0, 1, 0, 0, 0, 0, 0, 0, 0, 0, // 9 -100
0, 0, 0, 0, 0, 0, 0, 0, 0, 0}; // 101 -110
*/
float side_on[NGE] = { 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, // 1-10
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, // 11 -20
0, 0, 1, 1,-1, 0,-1, 1, 1, 1, // 21 -30
1, 1,-1, 1,-1, 1, 1, 1, 1, 1, // 31 -40
1, 1, 1, 1, 0, 1, 1, 1, 1, 1, // 41 -50
1, 1, 0, 1, 1, 1, 1, 0, 1, 1, // 51 -60
1, 0, 1, 1, 1, 1, 1, 1, 1, 1, // 61 -70
1, 1, 0, 0,-1,-1, 1, 1, 0, 1, // 71 -80
1, 1, 1, 1, 1, 1, 0, 1, 0, 0, // 81 -90
0, 1, 0, 0, 0, 0, 0, 0, 0, 0, // 9 -100
0, 0, 0, 0, 0, 0, 0, 0, 0, 0}; // 101 -110
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gamma =1./ sqrt(1.-vc*vc);
for (i=1;i<NGE;i++) {
dopcorr[i][1]=( 1-vc*cos(angle[i]/57.29577951) )*gamma;
// dopcorr[i][2]=(1 - vc*cos(angle[i ]/57.29577951))* gamma;
// dopcorr[i][3]=(1 - vc*cos(angle[i ]/57.29577951))* gamma;
dopcorr[i][2]=( 1-vc*cos( (angle[i]+2.8* side_on[i])/57.29577951 ) )*gamma;
dopcorr[i][3]=( 1-vc*cos( (angle[i]-2.8* side_on[i])/57.29577951 ) )*gamma;
printf("%d %f %f %f %f\n", i, angle[i], dopcorr[i][1], dopcorr[i][2], dopcorr[i][3]);
}
float p01 = 548.0 , p02 = 883.0;
float side_gain[NGE];
float side_off[NGE];
float side_p1[NGE] = { 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 212, 0, 266,
0, 266, 0, 267, 0, 214, 0, 267, 0, 209,
0, 267, 0, 212, 0, 267, 0, 267, 0, 267,
0, 333, 0, 268, 0, 268, 0, 0, 0, 212,
0, 0, 0, 213, 0, 269, 0, 269, 0, 269,
0, 214, 0, 0, 0, 213, 0, 212, 0, 205,
0, 269, 0, 212, 0, 271, 0, 270, 0, 0,
0, 212, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0};
float side_p2[NGE] = { 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 362, 0, 376,
0, 378, 0, 378, 0, 363, 0, 378, 0, 362,
0, 363, 0 , 363, 0, 379, 0, 378, 0, 378,
0, 397, 0, 378, 0, 379, 0, 0, 0, 362,
0, 0, 0, 362, 0, 380, 0, 380, 0, 380,
0, 364, 0, 0, 0, 363, 0, 361, 0, 360,
0, 380, 0, 362, 0, 382, 0, 381, 0, 0,
0, 363, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0};
for (i=1;i<NGE;i++) {
if (side_p1[i]!=0) {
side_gain[i]=(p01 -p02 )/( side_p1[i]-side_p2[i]);
side_off[i]=p01 -side_gain[i]* side_p1[i];
printf("%d %f %f\n", i, side_gain[i], side_off[i]);
}
else
{
side_gain[i]=1;
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side_off[i]=0;
}
}
Appendix F
Efficiency Correction Code
#include <stdio.h>
#include <stdlib.h>
#include <unistd.h>
#include <sys/ioctl.h>
#include <math.h>
#include <string.h>
#include <sys/types.h>
#include <sys/stat.h>
#include <fcntl.h>
float angle [111] , anglephi [111]; // Angles $\theta$ and $\phi$
float efa [111]={0.} , efb [111]={0.} , efc [111]={0.0} , efd [111]={0.}; // Efficiencies for
float efe [111]={0.} , eff [111]={0.} , efg [111]={0.}; // individual detectors
int delta [901]={0};
float theta [13]={20.3 ,34.9 ,40.6 ,49.0 ,53.8 ,60.2 , // Angle bins
61.9 ,67.0 ,70.6 ,73.6 ,80.1 ,86.5 ,89.9};
float dtheta [13]={0.3 ,1.1 ,0.5 ,0.0 ,1.0 ,0.2 ,
0.0 ,0.0 ,1.0 ,0.7 ,0.2 ,0.2 ,0.1};
float costheta [13]={0.937889 ,0.820152 ,0.759271 ,
0.656059 ,0.590606 ,0.496974 ,
0.471012 ,0.390731 ,0.332161 ,
0.282341 ,0.171929 ,0.061049 ,0.001173};
float dcostheta [13]={0.001817 ,0.010984 ,0.005679 ,
0.000000 ,0.014084 ,0.003029 ,
0.000000 ,0.000000 ,0.016462 ,
0.011720 ,0.003439 ,0.003484 ,0.001745};
/* --------------------------------------------------------*/
double effval(float e1, int dn)
{
double f, g, r, f1, f2, f3, x1 , x2 , y1, y2, y3;
double dg = 0.0, d1, df1 = 0.0, df2 = 0.0;
x1 = log(e1 /100.0);
x2 = log(e1 /1000.0);
g = efg[dn];
f1 = efa[dn] + efb[dn]*x1 + efc[dn]*x1*x1;
f2 = efd[dn] + efe[dn]*x2 + eff[dn]*x2*x2;
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if(f1*f2 == 0.0) return 0.0;
if(f1 <= f2) {
f = f1;
r = f1 / f2;
} else {
f = f2;
r = f2 / f1;
}
if (r <= 1e-6) {
return exp(f);
} else {
y1 = pow(r, g);
y2 = y1 + 1.0;
d1 = -1.0 / g;
y3 = pow(y2, d1);
return exp(f * y3);
}
}
/* --------------------------------------------------------*/
int
main (int argc , char **argv)
{
double epsilall=0,ep=0,epsil [13]={0.0};
double x1,x2,x3 ,x4;
int i,j,k,ang;
char fout [255] ,fin [255];
float e1 ,e2,s[13],ds [13];
FILE *fp;
double cj1 ,cj2 ,ck1 ,ck2;
double rad ,a,b,c,d;
float t[13],dt[13],ct[13],dct[13],w[13],dw[13];
#include "angles.h"
#include "delta.h"
#include "effcal.h"
if (argc !=3) {
printf("\nUsage: InputFileName OutputFileName\n");
exit (-1);
}
strcpy(fin ,argv [1]);
strcpy(fout ,argv [2]);
if ((fp = fopen(fin ,"rt")) == NULL) {
printf("\007 ERROR: cannot open file %s\n",fin);
exit (-1);
}
rad=M_PI /180.0;
fscanf(fp,"%f,%f" ,&e1 ,&e2);
printf("%f,%f\n",e1,e2);
for(i=0;i<13;i++){
fscanf(fp,"%f,%f",&s[i],&ds[i]);
printf("%f,%f\n",s[i],ds[i]);
}
fclose(fp);
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for(j=1;j <110;j++)
for(k=j+1;k<111;k++){
cj1=effval(e1,j);
ck2=effval(e2,k);
cj2=effval(e2,j);
ck1=effval(e1,k);
a=cos(( anglephi[j]-anglephi[k])*rad);
b=sin(angle[j]*rad)*sin(angle[k]*rad);
c=cos(angle[j]*rad)*cos(angle[k]*rad);
d=a*b+c;
ang=(int)(acos(d)/rad *10.0);
if(ang >=900) ang=1800-ang;
if(delta[ang]>0){
ep = cj1*ck2+cj2*ck1;
epsil[delta[ang] -1]+=ep;
epsilall +=ep;
}
}
for(k=0;k<13;k++){
w[k]=s[k]/ epsil[k];
dw[k]=w[k]*ds[k]/s[k];
t[k]=theta[k];
dt[k]= dtheta[k];
ct[k]= costheta[k];
dct[k]= dcostheta[k];
}
if ((fp = fopen(fout ,"wt")) == NULL) {
printf("\007 ERROR: cannot open file %s\n",fout);
exit (-1);
}
for(k=0;k<13;k++)
fprintf(fp,"%f\t%f\t%f\t%f\t%f\t%f\n",t[k],dt[k],ct[k],dct[k],w[k],dw[k]);
fclose(fp);
exit (0);
}
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